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Background 

Immunogenicity is an adverse reaction associated with many biotherapeutic drugs with 

incidences up to 90% (Dingman and Balu-Iyer 2018). Despite various mitigation 

approaches - such as modification of known immunogenic epitopes, improvement of 

manufacturing processes and selection of the best candidate in a panel of molecules - 

many therapeutic antibodies are still recognized by the immune system. The search for 

factors contributing to immunogenicity is an ongoing endeavor. In this context, the 

question whether and to what extent glycosylation on a biotherapeutic could influence 

immunogenicity is an ongoing discussion and has not been systematically studied.  

It is well known that non-human glycosylation can cause hypersensitivity reactions and 

immunogenicity. However, it is unknown whether Fc associated glycan structures can be 

recognized by immune cells and thus contribute to immunogenicity.  

It is postulated that glycosylation influences antigen recognition of and humoral responses 

to therapeutic antibodies by modulating 1) recognition and uptake by dendritic cells and 

by 2) modulating antigen routing, processing and presentation. To test this, different 

glycosylation variants (including an aglycosylated variant) of the tool antibody rituximab 

will be compared in in vitro assays using human DCs and T cells as well as in in vivo 

studies. If antibody glycosylation is associated with immunogenicity, then glycosylation-

related immunogenicity testing can be established, and protein design can be optimized. 

Both could contribute to more efficacious and safer therapeutic antibodies.
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Introduction 

1. Glycosylation and immunogenicity 

1.1. Causes and consequences of immunogenicity 

Immunogenicity is the cellular and humoral immune response to an exogenous molecule 

and usually characterized by the presence of anti-drug antibodies. Many exogenous 

molecules can be antigenic i.e. recognized by antibodies. However, they are only truly 

immunogenic if they can stimulate cellular responses downstream. This dogma is relevant 

for small molecules, which are typically not immunogenic, but antigenic unless coupled 

to a protein or polysaccharide carrier forming a so called hapten. In contrast, therapeutic 

proteins can possess multiple antigenic determinants because of their macromolecular 

structure. The resulting polyvalent binding is usually required to induce immune cell 

activation. If such immune responses are directed against therapeutic proteins it can limit 

the therapeutic activity but also cause adverse events. 

Therapeutic proteins can be recognized as non-self by the immune system i.e. induce a 

classical immune response because their structure was never presented to T cells during 

negative selection in the thymus. Such an immune response typically occurs after single 

administration of a therapeutic protein (examples: recombinant human alpha-glucosidase 

and factor VIII i.e. replacement therapy). Alternatively, an existing tolerance to therapeutic 

proteins that are highly homologous to the endogenous proteins can be broken. This 

break in tolerance occurs by repeated administration where self-reactive B cells are 

maintained (examples: erythropoietin, IFN-β) (Dingman and Balu-Iyer 2018). 

The antibody response to a biotherapeutic is polyclonal, therefore directed to multiple 

epitopes, ranging from low to high affinity, varying in isotypes and subclasses and is 

unique in individual patients. This broad polyclonal response can have various 

consequences for the patient and the treatment outcome. The efficacy can be diminished 

because binding of anti-drug antibodies can lead to reduced exposure below the 

therapeutic dose. (Mok et al. 2013; van Schouwenburg et al. 2013). Furthermore, anti-

drug antibodies can be elicited towards the paratope (antigen binding site) of the 

biotherapeutic and therefore disable epitope engagement again leading to reduced 

therapeutic effect. Neutralizing antibodies can cross-react with and capture endogenous 

proteins, which can have fatal consequences if the endogenous protein does not have a 

functionally redundant analogue. Examples for such fatal consequences of 
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immunogenicity are pure red cell aplasia (PRCA) and thrombocytopenia caused by 

inactivation of endogenous erythropoietin and thrombopoietin after administration of the 

recombinant human proteins (Casadevall et al. 2002; Li et al. 2001). 

Other adverse events related to ADAs are mild (skin rash, fever, hypotension, urticaria, 

serum sickness) to severe (anaphylaxis) hypersensitivity reactions (type I – IV, Gell & 

Coombs 1963). Type I reactions are characterized by immediate reactions (within 1h – 

24h after infusion (Hausmann and Manigold 2013) of the biotherapeutic with pre-existing 

IgE, as reported for cetuximab (Chung et al. 2008) or treatment-related IgE as reported 

for infliximab (Vultaggio et al. 2010b), rituximab (Vultaggio et al. 2012) and trastuzumab 

(Brennan et al. 2009). Crosslinking of FceRI bound IgE with the biotherapeutic causes 

mast cell degranulation or basophil activation and can lead to severe anaphylaxis. 

Basophils may be the main driver of IgG-mediated anaphylaxis due to their presence in 

circulating blood (Alessandra et al. 2014). Type II and IV reactions occur delayed after 

formation of ADAs i.e. days to months after initial exposure typically after the 2nd dose or 

later (Tharpe 2011). Type II reactions involve binding of ADAs (IgG, IgM) to cellular 

targets and cause cell lysis associated with complement activation. PRCA and 

thrombocytopenia after therapy with erythropoietin or thrombopoietin, respectively, are 

examples of type II cytotoxic reactions caused by ADAs. Type III reactions involve binding 

of ADAs (IgG, IgM) to circulating soluble targets leading to formation of circulating 

immune complexes (CIC) (Krishna and Nadler 2016). These CIC can deposit in the small 

vessels and lead to vascular thrombosis (Korswagen et al. 2011), opsonize and activate 

complement and crosslink low-affinity FcγR or complement receptors. Activation of 

complement induced by CIC causes downstream release of anaphylatoxins C3a, C4a 

and C5a providing an explanation for the inflammatory response in an IgE-independent 

hypersensitivity reaction. Type IV delayed hypersensitivity reactions (DTH, within 24 – 

48h after re-exposure) involve activation and infiltration of CD4+ T cells subsequent to 

neutrophil recruitment and are therefore not directly linked to ADAs but rather required to 

elicit these ADAs. 

The isotype of ADAs depends on the T cell polarization. Polarization into Th1 supports 

IgG class-switching by B cells. Polarization into Th2 cells, which secrete cytokines IL-4, 

IL-5 and IL-13, supports IgE class-switching by B cells. 



4 
 

The risk that a biotherapeutic triggers an immune response is driven by a combination of 

factors which needs consideration from different angles: the patient, the drug and the 

treatment.  

The patient can be at high risk if pre-disposed due to specific HLA haplotypes, pre-existing 

antibodies (Steenholdt et al. 2013; Vultaggio et al. 2010; Xue et al. 2013; Xue and Rup 

2013), pre-existing CD4+ T cells, an autoimmune disorder or an acute inflammatory 

disease state. Polymorphisms in TNF, IL-10 and CTLA4 have been reported to affect 

the development of ADAs (Astermark et al. 2006a, 2006b, 2007). On the other hand, pre-

medication and/or co-medication with immuno-suppressants can reduce the incidence of 

immunogenicity (Kalden and Schulze-Koops 2017). 

For the biotherapeutic drug itself the risk is defined by the degree of humanization and 

modification. For therapeutic antibodies it was expected that immunogenicity is reduced 

if the degree of humanization increases. Chimeric antibodies (infliximab, rituximab, 

cetuximab) composed of a human Fc and a mouse variable region (Fab) were thought to 

be more immunogenic compared to humanized (murine CDR, human Fab and Fc 

framework, natalizumab) or fully human antibodies (human Fc and Fab, adalimumab). 

Nevertheless, fully human antibodies such as adalimumab can exert high immunogenicity 

(Kalden and Schulze-Koops 2017). Many studies document that immunogenic 

determinants of a therapeutic antibody are predominant in the complementarity 

determining region (CDR) of the variable region (i.e. the paratope) and therefore 

neutralized by ADAs. (Homann et al. 2015; van Schie et al. 2017; van Schouwenburg et 

al. 2014). However, ADAs directed to regions outside of the CDR i.e. the hinge region, 

framework and Fc region have been reported too (Strand et al. 2021). These non-CDR 

directed ADAs are not neutralizing, however still pose the risk to induce potential adverse 

events. For new modality biotherapeutics the IG risk may be higher because unique 

amino acid sequences or new domains such as linkers are incorporated to design a highly 

efficient biotherapeutic (bispecific antibodies, cytokines, fusion proteins, PEGylated 

proteins). 

Apart from the protein sequence, post-translational modifications including glycosylation, 

glycation, deamidation and oxidation can impact immunogenicity (Jefferis 2016; 

Kuriakose et al. 2016). Not only the underlying primary protein structure but also the 

tertiary structure defines the propensity of the biotherapeutic to aggregate or undergo 
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chemical modifications. Furthermore, residual contaminations from the production cell 

line (host cell proteins) and leachables from containers (e.g., vials, prefilled-filled 

syringes) can influence the conformation and stability of the biotherapeutic, thus drive 

aggregation-mediated IG (Hermeling et al. 2005a; Kijanka et al. 2018; Rombach-Riegraf 

et al. 2014; Rubic-Schneider et al. 2017; Seidl et al. 2012; Singh 2011; van Beers et al. 

2011; Yasuno et al. 2020). 

In addition, the mode of action of the biotherapeutic contributes to the risk to trigger 

immune responses. Immunosuppressive biotherapeutics (B cell depleters) are deemed 

to have a lower risk, while immunostimulatory biotherapeutics that are frequently used in 

oncological treatment schemes pose a higher risk (Davda et al. 2019). If a biotherapeutic 

targets a cellular antigen expressed by immune cells that promotes uptake and 

presentation, the likelihood to stimulate undesired immune responses increases 

(Somerfield et al. 2010). 

Lastly, treatment-related factors account for the immunogenicity risk. Frequent and 

prolonged therapy at low doses seem to increase risk for immunogenicity, while high 

doses seem to decrease the risk (Hanauer et al. 2004; Karmiris et al. 2009; Maini et al. 

1998). However, it remains challenging to conclude on the effect of the dose and the 

interval on immunogenicity. ADA formation may not be correctly identified in patients 

because of interference of high drug concentrations with ADA detection (Garcês et al. 

2013). Subcutaneous or intramuscular administration seem to be more immunogenic 

compared to intravenous administration. Because other rankings have also been reported 

and most studies do not directly compare different routes of administrations there is 

controversy how the route of administration affects immunogenicity (Konrad et al. 1987; 

Ross et al. 2000; Johansen et al. 2010; Mohanan et al. 2010; Jarvi and Balu-Iyer 2021). 

The proportion of adverse events related to ADAs seems to increase if the therapy is 

interrupted and the dosing is done in long intervals (Alessandra et al. 2014; Pan et al. 

2009; Vultaggio et al. 2008). 

Thorough consideration of the immunogenicity risk based on the anticipated patient and 

product-related factors is a pre-requisite to implement a suitable strategy to assess and 

mitigate immunogenicity in the clinic. If the risk is categorized as high based on the 

anticipated clinical consequences for the patient (neutralization of endogenous proteins) 

the assessment may go beyond ADA screening. Then, a full characterization of the ADA 
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response is warranted and includes determination of the neutralizing capacity of ADAs, 

of the isotype, of the kinetic and of the specificity i.e. epitope/domain (Tatarewicz et al. 

2014; Wadhwa et al. 2015; Gorovits et al. 2014). A decision not to characterize ADAs 

based on a low-risk classification (ADAs only impact clearance/efficacy) may be adjusted 

if ADA incidence increases during progress in clinical phase. Information from a 

comprehensive analysis will provide a better understanding of the nature and impact of 

ADA for the therapeutic outcome and safety and guide to develop appropriate mitigating 

strategies.  

The immunogenicity risk assessment becomes even more complex if proteins contain 

multiples engineered domains as for antibody drug conjugates, bi-specifics, fusion 

proteins (Gorovits et al. 2014). In addition, approaches to reduce immune responses 

induced to CAR-T cells, adeno-associated virus (AAV) particles are needed. Likewise, for 

established biotherapeutics which are increasingly entering the market as biosimilars, an 

immunogenicity assessment is critical to confirm bioequivalence to the reference 

biologics in terms of efficacy and safety. 

1.2. General role of glycosylation for immune recognition 

The importance of glycosylation for induction of immune responses is well established. 

Glycosylation is listed as one of the features required to elicit an allergic response to an 

antigen (Abbas, Cellular and Molecular Immunology, 9th edition). Glycosylation can be 

recognized by the immune system as a foreign signature of pathogens such as bacteria 

or viruses. Therefore, glycosylation is used in vaccine/drug development to increase or 

regulate immune responses by conjugating carbohydrates to antigens, nanoparticles or 

liposomes (Johannssen and Lepenies 2016; van Kooyk et al. 2013). 

The cell surface of all living and non-living organism (viruses) is decorated with glycans 

also called glycocalyx. Most secreted proteins are likewise glycosylated which is required 

for correct and functional tertiary/quaternary structure and stability. Glycosylation is the 

most complex and diverse structural component of organisms amongst the other 

fundamental components of cells (nucleic acids, proteins, lipids). Specific functions of 

glycosylation in human biology were discovered from genetic defects in the glycosylation 

machinery (glycosidases and glycosyltransferases). Beside energy supply and storage, 

glycosylation is essential to facilitate extrinsic (i.e. between the host and the pathogen) 

as well as intrinsic recognition (intra-host signaling, adhesion & migration) (Varki 2017). 
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Recognition can be regulated by attachment or removal of specific monosaccharides 

such as sialic acid which mask or unmask binding epitopes for receptors (Kelm and 

Schauer 1997; Schauer 1985). In addition, the activity of proteins and enzymes can be 

regulated by highly dynamic glycosylation fine tuning i.e. through modification of 

branching, type, size and number of glycans. Accordingly, changes in glycosylation occur 

in response to biological processes such as differentiation, activation, apoptosis or 

environmental factors (Wolfert and Boons 2013).  

Role for innate immunity: In the context of host pathogen interaction, glycosylation can 

be used by the host to recognize and eliminate pathogens. This innate recognition of 

pathogen structures is facilitated by pattern recognition receptors (PRR). Carbohydrate-

specific PRRs are lectin receptors equipped with recognition motifs for structures such as 

mannose, N-acetylglucosamine, fucose, galactose, β-glycans (fungus-derived) and sialic 

acids. They are expressed on antigen presenting cells and macrophages and initiate the 

alert of the adaptive immune system after internalization of the bound antigen or the 

destruction by phagocytosis (Osorio and Reis e Sousa 2011; Rabinovich et al. 2012; van 

Kooyk and Rabinovich 2008). Foreign, multivalent pathogen glycans can also be targeted 

by soluble pattern recognition molecules. Collectins (mannan-binding lectins) and ficolins 

(GlcNAc-binding lectin) can stimulate innate immune responses via activation of the 

complement system (Malhotra et al. 1994; Matsushita 2013). Galectins (specific to 

LacNAc) trigger complement-independent killing by destabilizing the cell membrane after 

recognition of pathogens glycans (Stowell et al. 2010).  

However, pathogens have also evolved strategies to escape innate immune recognition. 

For example, they can adapt host glycan patterns via molecular mimicry by masking 

underlying structures with sialic acids (Stowell et al. 2010). Moreover, they can interact 

with host glycans to enter and infect the organism. For example, the influenza virus 

targets host sialoglycans by binding of viral hemagglutinins, which only works if a specific 

linkage and type of sialic acid is expressed by the host cells (Viswanathan et al. 2010). 

Another way how pathogens damage the host utilizing glycosylation is via secretion of 

bacterial lectins (cholera toxin, typhoid toxin). They mediate toxicity via recognition of host 

glycans by non-toxic subunit B, thus enabling the transfer of the toxic subunit A to the 

host cells. 
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Role for adaptive immunity: It was long thought that carbohydrates can only induce low 

affinity IgM antibody responses by direct B cell receptor crosslinking without T cell help. 

However, increasing evidence suggests that carbohydrates can promote efficient TH2 

responses i.e. in a T cell dependent manner (Faveeuw et al. 2003; Okano et al. 2001). 

Examples for carbohydrate-related adaptive immune responses include inter-host 

immune responses to blood group antigens or transplants. 

Several studies have shown that glycosylation on glycoproteins and glycolipids is 

important to regulate the processing and presentation by DCs and recognition by T cells. 

Importantly, the glycan structure, charge state, size and glycosylation site are features 

that can impact T cell recognition (Sun et al. 2016). For this, glycans need to be linked to 

a peptide because they cannot itself bind to the major histocompatibility complex (MHC) 

(Harding et al. 1991). Thereby they can become a part of T cell epitopes (Galli-Stampino 

et al. 1997; Harding et al. 1993; Ishioka et al. 1992). Even if glycans are removed before 

MHC presentation they can indirectly influence T cell epitopes because they can limit the 

accessibility and activity of lysosomal proteases and thus alter processing (Drummer et 

al. 1993; Manoury et al. 1998; Sjörander et al. 1996; Wood and Elliott 1998). If glycans 

survive lysosomal degradation, they impact MHC binding. Binding studies revealed that 

synthetic glycopeptides containing mono or disaccharides can bind to MHC class II 

(MHCII) receptors influencing T cell recognition. Initially it was found that the 

glycopeptide-specific T cell responses were related to conformational effects because 

these T cells recognized glycopeptides that carried various disaccharides (Harding et al. 

1993). Later on it could be demonstrated that the glycan can be directly recognized by 

the TCR if the glycan is attached in a specific position facilitating a conformation to make 

contact with the TCR (Deck et al. 1995). Of note, the TCR interacts with both the amino 

acids and the glycan because sole substitution of the peptide or the glycan did not 

stimulate responses (Deck et al. 1999). Glycosylation can also negatively impact MHCII 

peptide binding and T cell recognition if a glycan is conjugated to an MHCII anchor amino 

acid recognition motif of the peptide and oriented towards the MHCII binding groove. If 

the glycan is positioned outside of the MHCII binding groove glycans can become part of 

the T cell recognition motif and stimulate T cells (Deck et al. 1995; Jensen et al. 1996). A 

position-dependency could also be observed for glycopeptides presented on MHC class 

I (MHCI) molecules (Haurum et al. 1994). Contrary to glycopeptide-specific CD4+ T cell 

response, CD8+ T cell responses were glycan-specific because the same glycan could 
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still be recognized if attached to another amino acid of the same peptide (Haurum et al. 

1995).  

Of note, large, complex carbohydrates may not recognize the αβTCR because the 

receptor loses the ability to interact with the peptide (Speir et al. 1999). In contrast, MHC-

unrestricted γδT cells may be able to recognize the larger glycans (Werdelin et al. 2002). 

Nevertheless, glycopeptides containing complex carbohydrates have been eluted from 

melanoma-derived MHCII (Malaker et al. 2017). It remains to be determined whether 

these can be recognized by TCRs. 

That glycopeptide-specific T cell responses can be stimulated from naturally presented 

glycopeptides could be shown with tumor- and pathogen-derived glycoproteins (Hanisch 

et al. 2003; Horn et al. 1999; Sieling et al. 2008). These studies demonstrated that glycans 

are not removed during endolysosomal processing by APCs (Vlad et al. 2002). 

Most of the studies were done using O-linked glycopeptides and glycoproteins. However, 

N-glycosylated peptides could be eluted from MHCII while not from MHCI. It was 

postulated that N-glycanase removes glycans from cytosolic proteins before these can 

be processed by the proteasome (Werdelin et al. 2002) which is the degradation pathway 

to generate peptides for MHCI loading. 

Glycosylation can also support adaptive immune responses of lipid antigens. 

Glycosphingolipids are glycolipids that can be presented by a family of non-polymorphic 

receptors CD1 (CD1a, CD1b, CD1c, CD1d, CD1e) to CD1-restricted T cells analogous to 

MHCI to CD8+ T cells (Porcelli and Modlin 1999). A classical glycolipid is alpha-

galactosylceramide (α-GalCer) which is incorporated on tumor cell surfaces. Recognition 

of α-GalCer presented by CD1d promotes killing of cognate antigen-bearing tumor cells 

by iNKTs (invariant NK T cells) (Metelitsa et al. 2001). Mycobacterial glycolipids (mycolic 

acids, lipoarabinomannan, phosphoglycolipids) are presented by CD1b/c expressed on 

APCs and stimulate CD1b/c-restricted T cells to control mycobacterial infections (Moody 

et al. 2000; Sieling et al. 1995). 

Another important example for the role of glycosylation in adaptive immunity includes the 

glycosylation-dependent regulation of TCR function. Galectin 1 and 3 (GalNAc specific 

soluble lectins) can interact simultaneously with N-glycans exposed on CD45 and the 

TCR thus masking the TCR and suppressing TCR signaling (Hsu et al. 2009). 
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Taken together, protein glycosylation can strongly influence the innate and adaptive 

immune responses. Aberrant glycosylation may contribute to the development of 

autoimmune disease (Delves 1998; Reily et al. 2019; Seeling et al. 2017). Modification of 

glycosylation can increase or decrease immune activation and is being exploited to 

develop new therapeutic approaches for treatment of infectious, inflammatory or benign 

diseases. 

1.3. Glycosylation process 

Glycosylation is a result of the activity of a complex machinery of enzymes, so called 

glycosyltransferases and glycosidases that add or remove monosaccharides to or from 

an existing glycan chain by creating or hydrolyzing glycosidic bonds, respectively. This 

process is regulated by the expression of these enzymes, the synthesis of substrates (i.e. 

sugar donors) and the availability of either in the ER and Golgi apparatus. Changes in 

environmental/physiological conditions can regulate the glycosylation process 

(transcriptional, post-transcriptional) and explain why glycosylation differs in health and 

disease or by cell/organ type. 

Protein glycosylation is classified into two types: O-glycosylation and N-glycosylation. In 

O-glycans the amino acids threonine (T) or serine (S) provide a free hydroxyl group to 

create a glycosidic bond with N-acetylgalactosamine (GalNAc) (Figure 1A). The main 

type of intracellular eukaryotic glycosylation is O-GlcNAc generated by O-GlcNAc 

transferase or O-GlcNAcase to sense stress and nutrients (Hart et al. 2007; Hart et al. 

2011). In N-glycans the amino acid asparagine (N or Asn) is linked via the amide group 

with the anomeric carbon of GlcNAc in β-configuration (Figure 2B). N-glycans are present 

on the majority of glycoproteins and pathogens, including viruses. 

O-glycosylation is initiated in the Golgi by polypeptide GalNAc transferase (GalNAcT) 

building the so-called Tn antigen (GalNAc-Ser/Thr) (Figure 1A). Core O-glycans (core 1 

- 4) are formed by variable extension and linkage of the Tn antigen with Gal or GlcNAc 

(Figure 1B). Further addition of GalNAc, GlcNAc, fucose and terminal sialic acid finally 

generates complex mature O-glycans that provide antigenic determinants for lectin 

recognition (sialylated and sulfated Lewis antigens for selectins, Gal-terminating for 

galectins). In addition, O-glycans are essential to fulfill the function of mucins to protect 

respiratory and gastrointestinal surfaces against pathogen infection by water retention 

and lubrication. 
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Figure 1: Overview O-GalNAc glycan structures 

A:  Formation of the glycosidic bond between GalNAc and the hydroxyl group of serine (S) or threonine (T). 
B: The Tn antigen gives rise to the four core structures of GalNAc-based O-glycans which can be further 
extended with galactose, fucose and sialic acid. 

N-glycosylation is initiated in the ER (Figure 2A). From the lipid precursor dolichol-

phosphate the core structure (Glc3Man9GlcNAc2) is transferred to the asparagine (N-X-

S/T sequon) of the polypeptide by oligosaccharyltransferase (OST). Then the 3 terminal 

Glc residues are cleaved by glucosidase I and II (GCS) to form pre-mature high mannose 

structures (Man9GlcNAc2). The proper folded and newly glycosylated protein is 

transferred from the ER to the Golgi for further processing of the oligosaccharide (Figure 

2C). Glycans are trimmed by endomannosidases I and II (MNS). Intermediate hybrid N-

glycans are synthesized by GNT1 (β1-6 N-acetylglucosaminyltransferase) that transfer 

GlcNAc from an activated nucleotide (UDP-GlcNAc) to the tri-mannose core which can 

be further elongated by the sequential addition of galactose and terminal sialic acid 

forming the mono-antennary branch. The hybrid type glycans can be further processed 

into mature complex type N-glycans by addition of GlcNAc to the remaining mannose 

structures which is catalyzed by GNT2/3/4/5. This branching creates bi, tri or tetra-

antennary N-glycans. Hybrid and complex type N-glycans can further be modified by 

addition of fucose to the core GlcNAc. The coordinated activity of hundreds of 

glycosidases and glycosyltransferases during the glycan biosynthesis gives rise to a huge 

range of structural combinations. The extreme diversity is further controlled by the 

availability of activated sugar donors and accessibility of glycosylation sites (Nairn et al. 

2008; Nairn et al. 2009). 
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Figure 2: Overview synthesis of bi-antennary N-glycans in human 

A: Transfer of the oligosaccharide precursor from dolicholphosphate (DolP) to the synthesized protein in 
the ER lumen. B:  Formation of the amide bond between GlcNAc of the oligosaccharide and asparagine of 
the protein (Asn) by OST. C: Modification of the N-linked oligosaccharide in the Golgi: three major types of 
N-glycans are synthesized by glycosidases and glycosyltransferases: high mannose (dominating in 
prokaryotes), hybrid and complex type (dominating in mammals). FUT: Fucosyltransferase, GalT: 
Galactosyltransferase, GCS: Glucosidase, GNT: GlcNAc-transferase, MNS: Mannosidase, OST: 
Oligosaccharyltransferase, ST: Sialyltransferase 

1.4. Antibody glycosylation 

1.4.1. Antibody characteristics 

The antibody molecule is composed of two heavy (50 kDa) and two light chain (25 kDa, 

κ or λ) copies providing two Fab regions (antigen binding fragment) and one Fc region. 

The variable Fab region in the light and heavy chain determines the epitope specificity 

(paratope). The constant Fc region in the heavy chain functions to target receptors of the 

innate immune system and adapts during an immune response to form different isotypes 

with distinct innate effector functions. Based on the primary amino acid sequence in the 

constant region (Fc) isotypes are distinguished into 5 classes: IgG, IgA, IgM, IgE and IgD. 

In addition, isotypes differ in the length of the hinge region, number of disulfide bonds and 
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glycosylation sites/types (Table 1). These structural differences affect the flexibility and 

conformation of the Ig which determines the FcR specificity (see section 2.5), half-life and 

stability (Reusch and Tejada 2015). Apart from the classical type I FcRs, the Fc-domain 

of IgGs can also interact with complement (C1q), type II FcγRs (DC-SIGN, CD23), lectin 

binding proteins (mannose binding lectin) and FcRn (Garred et al. 2006; Pincetic et al. 

2014). 

IgG is the most abundant antibody in the circulation and occurs in 4 subclasses (IgG1 - 

IgG4). Most marketed therapeutic antibodies utilize the IgG1 isotype because of its long 

half-life, while a few were designed as IgG4 to minimize Fc effector function. Albeit IgG3 

displays the strongest Fc-effector function it has the shortest half-life (Stapleton et al. 

2011). The IgG Fc possesses two identical heavy chains which are connected by disulfide 

bonds proximal to the CH2 domain and through tight interaction between the two CH3 

domains (Narciso et al. 2011).
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Table 1: Glycosylation and characteristics of all five antibody isotypes 

Isotype Serum 
concentration 

Half-life 
(days) 

Structure Function Glycan 
content 
(%) 

Glycosylation per heavy chain 

IgM 1.5 mg/mL 5 Secreted as pentamer 
linked by S-S and J 
chain 
Membrane-bound as 
monomer 

Complement activation 
(classical pathway) 
Isotype of primary immune 
response 
Naive B cell antigen receptor 

12 5 N-linked glycans (3 complex-type, 
2 oligomannose-type) 

IgD 0.03 mg/mL 3 Monomer membrane 
bound and secreted 

B cell antigen receptor 12 3 N-linked glycans (2 complex-type, 
1 oligomannose-type) 
4 O-linked glycans 

IgG  
(IgG1 - 
IgG4) 

13.5 mg/mL 
(IgG1 66 %, IgG2 
23 %, 
IgG3 7 %,  
IgG4 4 %) 

7 - 21 Monomer membrane 
bound and secreted 

Opsonization of pathogens, 
ADCC, 
Neutralization of toxins 
Modulation of B cell response 

2 - 3 1 N-linked glycans N 297 
IgG3 with 1 additional N-linked 
glycan at N392 + 3 O-glycans in the 
hinge 

IgE 0.05 mg/mL 2 (3 
weeks if 
bound to 
FceR) 

Monomer secreted Mast cell degranulation 
(immediate hypersensitivity) 
Eosinophil-mediated helminth 
protection 

12 7 N-linked glycans (6 complex-type, 
1 oligomannose-type) 

IgA  
(IgA1, 
IgA2) 

3.5 mg/mL 
(IgA1 85%, 
IgA2 15%) 

6 Monomer secreted into 
serum 
Dimer secreted into 
mucosa 

Mucosal immunity 
 

7.5 IgA1: 2 N-linked glycans (complex 
type) + 4 O-glycans in the hinge 
IgA2: 5 N-linked glycans 
Heavily N-glycosylated secretory 
component 

Extracted from Abbas, Cellular and Molecular Immunology, 9th edition, Dorokhov et al. 2016; Goulet and Atkins 2020; Lu et al. 2018
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1.4.2. Fc glycosylation 

All IgGs contain an asparagine at position 297 in the CH2 domain providing the template 

for N-linked glycosylation. IgG glycosylation is limited to bi-antennary glycans, tri- or tetra-

antennary glycans are not found (Figure 4A). Fc N-glycosylation hugely impacts the 

antibody structure and the type of interaction between Ig and Fc receptors. More 

specifically, the Fc N-glycan influences the Fc domain flexibility and conformation, which 

can acquire either an open or closed conformation. Type I receptors (FcγRs) are 

preferentially targeted by the “open” conformation, type II Fc receptors (DC-SIGN) by the 

“closed” one of IgGs (Ahmed et al. 2014; Sondermann et al. 2013). If the Fc N-glycan is 

absent the two heavy chains move closer thus close the CH2 domain (Krapp et al. 2003). 

Of note, Fc glycosylation does not affect antigen binding except if the negatively charged 

sialic acid is present on IgG (Scallon et al. 2007). 

In addition to the glycosylation in the Fc region, IgGs can be glycosylated in the variable 

region (15 – 25 % of serum IgG from healthy humans (van de Bovenkamp et al. 2016)). 

As the CDR is the region to bind to antigen epitopes or in the case of therapeutic 

antibodies to target epitopes glycosylation in this region can greatly impact the binding to 

the antigen. Therefore, therapeutic antibodies are engineered to lack the asparagine-

associated glycosylation site in the Fab region. The epidermal growth factor targeting 

mAb Cetuximab (Erbitux) is an example where Fab region glycosylation is present and 

associated with hypersensitivity reactions (see section 1.5.1). Interestingly, Fc- and Fab-

glycan composition vary, which is likely because both regions differ in their accessibility 

to glycosyltransferases. The Fab glycans were reported to contain higher percentage of 

Gal, Neu5NAc and branching GlcNAc but a lower percentage of fucose (Dorokhov et al. 

2016). 

Glycosylation is important to stabilize the protein and protect from chemical (hydrolysis, 

deamidation, oxidation) and physical degradation (aggregation) (Zhou and Qiu 2018). 

Deglycosylation of antibodies caused higher propensity to aggregation and susceptibility 

to proteolytic degradation (Dashivets et al. 2015; Latypov et al. 2012; Liu et al. 2008; Raju 

and Scallon 2006; Zheng et al. 2011). Conformational stability increases with glycan size, 

i.e. antibodies with galactosylated glycans are more stable than those containing shorter 

glycans i.e. with single GlcNAc (More et al. 2016; Wada et al. 2019; Wormald et al. 1997). 
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Not only the presence or absence of glycans can have a great impact on the ability of the 

Ig to interact with Fc receptors but also the glycan composition. Although the percentage 

of Fc N-glycosylation is low (2 – 3 % relative to the total mass of the molecule), subtle 

changes in Fc N-glycosylation can greatly impact Fc effector function, clearance and IgG-

mediated inflammation. Reported effects of specific types of glycans (see chemical 

structure of these monosaccharides in Figure 4B) are summarized below. One has to 

keep in mind that reported effects for the given monosaccharide always have to be 

interpreted in the context of the underlying glycan core attached to a protein and if present 

as terminal monosaccharide (except for mannose and core fucose). 

Core fucose: The prime evidence that antibody glycosylation is important for its function 

can be illustrated with the effects of fucose on the antibody effector function. More than 

90 % of human serum IgG glycans contain fucose linked to the first core GlcNAc in α1-6 

position, thus called core fucose (Baković et al. 2013). If fucose is absent antibody 

dependent cytotoxicity and complement-dependent cytotoxicity (ADCC) increases 

because of higher affinity to FcγRIIIa ((Ferrara et al. 2011; Okazaki et al. 2004; Peipp et 

al. 2008; Shields et al. 2002). This knowledge is applied to increase the therapeutic effect 

of anti-cancer mAbs which are intentionally engineered to possess mainly afucosylated 

Fc-glycans by knocking out, silencing or editing α1-6 fucosyltransferase (FUT8) gene in 

CHO cells. Examples are the CD20-targeting Obinutuzumab (Gazyva®) and the CCR4 

targeting Mogamulizumab (Poteligeo®) (Dorokhov et al. 2016). 

GlcNAc: Addition of GlcNAc (N-acetylglucosamine) to the mannose fork (called bisecting 

GlcNAc, see Figure 2, for example G2FB) increases ADCC (Ferrara et al. 2006; 

Hodoniczky et al. 2005). This effect seems to be related to the lower activity of 

fucosyltransferase caused by steric hindrance and results in decreased fucose content 

under these conditions (Dorokhov et al. 2016). Bisecting GlcNAc is not synthesized in 

CHO or murine myeloma but is present in ~15% of endogenous IgG (Baković et al. 2013, 

see Table 2). In pregnant women decreased bisecting GlcNAc species were found on 

serum IgG Fab and Fc glycans which may facilitate conditions to minimize maternal 

immune responses to the fetal allograft (Bondt et al. 2014). 

A role of GlcNAc (in terminal position as part of the heptasaccharide core see G0 in Figure 

2) for antigen presentation has been described. Agalactosylation of myeloma-derived IgG 

caused increased DC-uptake via recognition by the mannose receptor (Dong et al. 1999). 
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This study suggests that GlcNAc, newly exposed by galactose removal, can be 

recognized by the MR in line with the reported recognition of this carbohydrate by this 

receptor. 

Galactose: High amounts of galactosylated IgG in serum were reported to exhibit 

inhibitory effects by engagement of FcγRIIb and dectin 1 (Karsten et al. 2012). In line with 

this, RA associated symptoms improve during pregnancy and were found to correlate 

with serum IgG galactosylation. The proportion of agalactosylated (G0) or mono-

galactosylated (G1) species on endogenous IgG is generally higher than that of di-

galactosylated (G2) ones. It is suggested that increased levels of agalactosylated IgG 

(thus exposing more terminal GlcNAc) promote the inflammatory state because loss of 

terminal galactose was detected on IgG in RA patients (Ercan et al. 2010; Parekh et al. 

1988). Similarly, with increasing age the proportion of agalactosylated glycans seems to 

rise (Knežević et al. 2010). Contrary, others found increased CDC and ADCC activity due 

to stronger C1q and FcγRIIa/IIIa binding for glycans terminating in galactose and 

decreased CDC/ADCC activity after degalactosylation (Dekkers et al. 2017; Hodoniczky 

et al. 2005; Houde et al. 2010; Kanda et al. 2007; Kumpel et al. 1995; Thomann et al. 

2015; Wada et al. 2019). However, the effect that fucose has on ADCC is much more 

significant than that of galactose (Reusch and Tejada 2015; Wada et al. 2019). 

Mannose: A high proportion of mannosylated structures (as found on hybrid or high 

mannose glycan species) can increase the ability to interact with FcγRIIIa and thus 

enhance Fc-effector function while decreasing that with C1q (Wada et al. 2019; Yu et al. 

2012). Two mechanisms are discussed to account for this effect: indirectly via decreased 

fucosylation or directly by creating an open Fc-conformation. 

In addition, presence of high mannose structures can increase the clearance, i.e. 

decrease the half-life through binding to MRs expressed by liver macrophages and 

endothelial cells (see section 2.4.1.1, Alessandri et al. 2012; Goetze et al. 2011; Liming 

2015; Yu et al. 2012). 

Sialic acid: Fc-N glycans terminating with negatively charged and bulky sialic acid are 

reported to promote anti-inflammatory effects which may partially explain the mode of 

action of intravenous immunoglobulin (IVIG) (Anthony et al. 2011; Anthony et al. 2008a; 

Anthony et al. 2008b; Bayry et al. 2009; Kaneko et al. 2006; Nimmerjahn and Ravetch 
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2007; von Gunten et al. 2014; Yu et al. 2013). These anti-inflammatory effects were only 

observed for α2-6 linked and not for α2-3 linked sialoglycans (Anthony et al. 2008a). 

Change in IgG Fc N-glycosylation also occurs in vivo under disease state such as 

inflammation and infections. In pregnant women increased sialic acid capped glycan 

species were found on serum IgG Fab glycans (van de Bovenkamp et al. 2016). Contrary, 

with increasing age proportion of sialylated glycans seems to decrease (Knežević et al. 

2010). Further, in rheumatoid arthritis patients, lower concentration or lower accessibility 

of sialylated IgGs was detected compared to healthy subjects or successfully treated 

patients (Parekh et al. 1988; Stümer et al. 2017). These effects were ascribed to a 

decreased capacity of sialylated IgGs to interact with type I FcγRs which shifts towards 

increased binding to the type II FcγR DC-SIGN by changing the Fc conformation from 

“open” to “closed” by protein-protein interaction (Ahmed et al. 2014; Sondermann et al. 

2013). Although in vivo models indicate the involvement of DC-SIGN for the anti-

inflammatory effect of sialylated Fc glycans (Anthony et al. 2008) others could not show 

that sialylation of Fc N-glycans increases DC-SIGN binding (Yu et al. 2013) or affects the 

Fc structure (Crispin et al. 2013). Another mechanism proposes that anti-inflammatory 

effects of sialylated glycans are caused due to increased recognition by FcγRIIa/b 

(Dashivets et al. 2015; Thomann et al. 2015) and decreased recognition by FcγRIIIa 

(Cambay et al. 2020; Dekkers et al. 2017; Kaneko et al. 2006; Mimura et al. 2016; Scallon 

et al. 2007; Wada et al. 2019). The effect of terminal sialylation on affinity to FcγRIIIa 

remains however controversial likely due to tremendously different methods and 

sialoglyco-variants used across studies, thus still needs to be clarified (Thomann et al. 

2015). 

If sialic acid terminates the glycans the interaction with galactose-recognizing receptors 

such as ASGPR is diminished and thus thought to increase the half-life of the therapeutic 

antibody (G Ashwell and Harford 1982; Higel et al. 2016; Morell et al. 1971). Albeit 

sialylated IgGs were reported to be more sensitive to proteolytic degradation (Fang et al. 

2016; Raju and Scallon 2007) the negative charge of sialic acid is discussed to positively 

affect the stability of the proteins. Interestingly, reduced stability was only observed for 

IgGs produced in CHO known to create only α2-3 linkages with 6-arm preference and not 

for human IgG which possesses typically α2-6 linkages with 3-arm preference (Zhang et 

al. 2019). In line with this, reduced long-term aggregation propensity could be shown for 

homogeneously α2-6 sialylated IgG1 (Wada et al. 2019). In addition, if Fc glycans are 
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extended by sialic acid, complement C1q can bind less efficiently (Luo et al. 2017; Quast 

et al. 2015; Wada et al. 2019) but the opposite effect has also been observed (Dekkers 

et al. 2017). 

1.5. Glycosylation as risk factor for immunogenicity 

1.5.1. Non-human glycosylation 

Individual species express specific sets of glycosyltransferases and glycosidases and 

therefore have species-specific glycosylation patterns. Such species-foreign 

glycosylation patterns can induce immune responses as demonstrated by the presence 

of anti-glycan antibodies in human serum. Most therapeutic antibodies are produced in 

non-human cell lines such as Chinese hamster ovary (CHO) or mouse myeloma cells 

(NS0; SP2/0). Therefore, non-human glycan structures can be incorporated and exhibit 

a concern (Table 2). Such non-human glycans are formed by α1-3-galactosyl-transferase 

not active in human (and old-world monkeys) that add an additional galactose molecule 

to the terminal galactose in α1-3 linkage resulting in Galα1-3Galβ1-4GlcNAc extension 

and therefore called α1-3gal (Kunert and Reinhart 2016). Αlpha1-3gal is usually present 

in therapeutic antibodies produced by mouse myeloma but also in CHO-derived material, 

albeit to much a lower degree (Zhou and Qiu 2018). 

The non-human version of sialic acid, N-glycolylneuraminic acid (Neu5Gc) results from 

the activity of CMP-Neu5Ac hydroxylase, an enzyme that generates CMP-Neu5Gc from 

CMP-Neu5Ac (Figure 3). Humans and consequently human-derived cell lines do not 

produce Neu5Gc due to inactivity of CMP-Neu5Ac hydroxylase (Irie et al. 1998) but can 

attach Neu5Gc if present as a sugar donor (e.g. in culture medium). This certainly does 

not occur under a tightly controlled manufacture process but happens in humans if 

Neu5Gc is ingested from food (Tangvoranuntakul et al. 2003). 
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Figure 3: Conversion of Neu5Ac to Neu5Gc by CMP-Neu5Ac-hydroxylase  
Chemical structures drawn in ChemDraw. 

A prominent example where α1-3gal and Neu5Gc containing glycans can cause severe 

hypersensitivity reactions, i.e. anaphylactic shock, is cetuximab which is produced in 

murine myeloma SP2/0. Pre-existing IgE antibodies reacting with Fab-associated α1-3gal 

epitopes caused these severe side effects (Chung et al. 2008). Αlpha1-3gal cannot be 

recognized by pre-existing IgE if present in the Fc N-glycan. Accordingly, severe 

anaphylactic reactions as induced by cetuximab are unlikely to occur with antibodies 

lacking Fab glycans. Infliximab, which is produced in murine myeloma, hence contains 

α1-3gal, only reacts with anti-α1-3-gal IgE if the Fc region is accessible such as after 

proteinase K digest (van Bueren et al. 2011). A role of Neu5Gc in the cetuximab induced 

anaphylaxis could also be confirmed if located in the Fab-associated glycan (Ghaderi et 

al. 2010). Interestingly, also Fc-associated Neu5Gc can be recognized by anti-Neu5Gc 

but only if at least two Neu5Gc are present (Yu et al. 2016). Other issues related to 

presence of α1-3gal or Neu5Gc are hypersensitivity reactions to pig insulin and transplant 

rejection of porcine origin. Another example for immune reactions related to α1-3gal 

reactive IgE is the delayed type hypersensitivity reaction that occurs after 3 – 6h after 

eating meat (Commins et al. 2009). Sensitization to α1-3-Gal seems to happen by tick 

bites (Hamsten et al. 2013). Patients that showed severe anaphylaxis immediately after 

administration of cetuximab have been reported to have a tick bite history and were 

therefore likely sensitized to α1-3-Gal. This event seemed to trigger the isotype switch to 

IgE from IgG, IgM and IgA that can be found in human serum (Galili 1984) and formed in 

response to α1-3 carrying commensal bacteria (Galili et al. 1988). 

Another difference between human and non-human expression host is the sialic acid 

linkage to galactose. CHO do not express α2-6-sialyltransferase and therefore only 

produce α2-3 linkage. Humans can create both linkage types, i.e. α2-3 and α2-6 

(Dorokhov et al. 2016). Human cell lines such as human embryonic kidney (HEK293) or 
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PER.C6 embryonic retinoblasts are usually only used for expression of therapeutic 

antibodies during the discovery phase because of their easy transfectability (Goh and Ng 

2018). No currently marketed antibody is however produced in human cells because 

human cells are more susceptible to viral infections in contrast to CHO that lack viral entry 

signatures. 

Although CHO cells do not create glycosylation patterns identical to human they are the 

standard expression host because they yield high titers and can be easily cultivated and 

genetically manipulated. Other cell lines, such as prokaryotic E. coli are not suitable 

because these are not able to glycosylate. Although plant cell lines are able to generate 

mammalian N-glycosylation their terminal glycans differ and contain non-mammalian β1-

2-Xylose and α1-3 Fucose which are immunogenic (Bardor et al. 2003). 

1.5.2. Heterogeneity 

The core structure of the mature Fc N-glycan is formed by a hepta-saccharide composed 

of two consecutive GlcNAc residues conjugated to a tri-mannose that is the starting point 

for two branches and extended by the addition of one GlcNac on each branch (Figure 

4C). With addition of GlcNac, galactose, sialic acid and fucose the glycan structure of this 

complex type glycans can be further modified. The glycosylation process is regulated by 

the availability and activity of glycosyltransferases and glycosidases which determine the 

substrate (i.e., monosaccharide) specificity and linkage type (see section 1.3). Therefore, 

the glycan core can be elongated in a variety of possibilities which causes a structural 

heterogeneity.  Of note, the glycans on each heavy chain are not identical which 

introduces further heterogeneity.  For example, in human serum IgG, up to 30 different 

glycovariants have been detected (Kaneko et al. 2006). The majority of the antibody Fc 

glycans are complex type glycans. The immature high mannose and hybrid type glycans 

typically only occur in low amounts (0.1 and 0.6 %, respectively). 
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Figure 4: IgG Fc N-glycosylation 

A: IgGs contains two conserved N-glycosylation sites in the Fc region at position 297. The glycan on each 
heavy chain can vary. For illustrative purposes two extremely different glycans (left: complex type, right: 
high mannose type) are attached to each heavy chain and disproportionally larger than the true size of the 
glycans relative to the IgG protein backbone. Brackets indicate all possible glycan variants. B: Chemical 
structures (drawn in ChemDraw), abbreviations and symbols (according to Symbol Nomenclature for 
Glycans) of monosaccharides as building blocks of the IgG Fc N-glycan. C: Chemical structure and linkages 
of a bi-antennary complex type N-glycans in human. 

In therapeutic monoclonal antibodies the glycosylation pattern is a critical quality attribute 

because specific glycans are relevant for the functional activity (see section 1.4.2). 

Glycosylation patterns on therapeutic antibodies produced in mouse myeloma or CHO 

can vary ((Dorokhov et al. 2016), Table 2). Therefore, a switch from one expression host 

to another one is not advisable. Most therapeutic antibodies are produced in CHO cells. 

Because these cells do not entirely express the glycosylation machinery needed to 
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produce human glycosylation, the glycan pattern slightly differs from that generated by 

human cells (Table 2). Another complicating factor is that the glycosylation patterns of 

therapeutic proteins are highly dependent on the expression and culture conditions (Higel 

et al. 2016). For Rituximab, a process change in the manufacturing in CHO resulted in an 

increase in afucosylated glycans which enhanced ADCC activity (Schiestl et al. 2011). 

Immature high mannose glycans usually only occur in low amounts in therapeutic 

antibodies. However, switching to high productivity mode during expression was reported 

to increase the proportion of high mannose structures which could affect the clearance 

(Dorokhov et al. 2016). Therefore, it is important to tightly monitor glycosylation patterns 

especially if culture conditions need to be adjusted (as needed for large scale 

manufacture, process optimizations or site transfers). Despite these efforts it remains 

challenging to achieve constant heterogeneity in glycosylation. It is well known that 

glycosylation patterns can considerably vary between batches (Damen et al. 2009; 

Planinc et al. 2016) where terminal galactose species vary mostly. For this reason, glycan 

heterogeneity is also an issue for biosimilars, because it is difficult to achieve equal and 

constant heterogeneity in order to concord with the glycosylation pattern of the originator 

especially if that of the originator varies.
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Table 2: Overview species-specific glycan structures 

Structure Human CHO Mouse myeloma 

 ~15 % 0 % 0 % 

 < 0.1 % Up to 3.5 % Up to 29 % 

 0.6 - 2 % 
  

 ~15 % G0(F) 
~50 % G1(F) 
~25 % G2(F) 

62 – 83 % G0 
14.3 – 30 % G1 
2.2 – 8 % G2 
 

35 – 45 % G0 
46 – 53 % G1 
9.3 – 12.6 % G2 

 ~11 % S1 
0% S2 
α2-3 & α2-6 

<2 % 
α2-3 

Up to 50 % 
α2-3 & α2-6 

 > 90 % 95 % 70 – 90 % 

Non-human glycans 

 0 % Traces due to emerging subclones 
expressing N-acetyllactosaminide 3-α-
galactosyltransferase-1 

2 – 6 % in Fc N-glycan 
Up to 30 % in Fab N-
glycan 

 Can be incorporated 
from ingested food 
(meat) 

Traces (incorporated if NGNA present 
in culture medium) 

1 – 2 % in Fc N-glycan 
Up to 12 % in Fab N-
glycan 

Monosaccharides depicted according to Symbol Nomenclature for Glycans (SNFG) from Online Appendix 1B Essentials of Glycobiology 3rd edition 
Glycan proportion extracted from Flynn et al. 2010; Goulet and Atkins 2020; Raju and Jordan 2012; Read et al. 2011 
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1.5.3. Mitigation strategies 

Strategies to mitigate immunogenicity encompass to prevent/minimize the risk or to take 

reactive measures to tackle undesired events once emerged in the patient. Prevention is 

certainly the preferred option and could be achieved by a better understanding of the root 

causes for IG (see section 1.1). 

On the prevention side pre- or co-medication of immunogenic biotherapeutics with 

immunosuppressors (methotrexate, azathioprine) can reduce antibody responses and 

improve treatment outcomes (Maini et al. 1998; Sandborn 2003; Kalden and Schulze-

Koops 2017). The drawback of such unspecific immunosuppression is the increased 

infection risk. Therefore, more specific approaches are being explored. In this context, 

immune tolerance induction is a promising strategy. Tolerance can be achieved by 

administration of high doses of the biotherapeutic over a prolonged time but is expensive 

and not successful in all patients (Dingman and Balu-Iyer 2018). Another approach to 

induce tolerance uses rapamycin nanoparticles co-administered with the biotherapeutic 

(Zhang et al. 2016). This protocol was shown to prevent immune responses to AAV8 

(Meliani et al. 2018). 

As a treatment option to revert immunogenic responses and restore therapeutic activity, 

engineered cytotoxic T cells with immunogenic antigen domains incorporated into the 

chimeric antigen receptor could be used to eliminate antigen-specific B cells 

(Parvathaneni and Scott 2018). In a similar approach antigen-specific memory B cells 

could be suppressed by antigen receptor-modified Tregs (Pohl et al. 2020). 

In the clinical setting routine ADA testing helps to identify patients early that may later on 

not benefit from the treatment anymore because of neutralization. In these cases, patients 

may be switched to an alternative therapeutic antibody directed to the same target 

because neutralizing antibodies may not recognize the same epitope as for initial 

biotherapeutic (e.g. anti-TNFα mAbs) (Strand et al. 2021). 

Finally, on the product side apparent immunogenic epitopes can be removed to decrease 

to risk for immunogenicity. Since glycosylation is one of the IG risk factors but is also 

important to regulate the function and stability of therapeutic antibodies, glycoengineering 

provides another means to design improved therapeutic antibodies. Glycosylation sites 

are typically removed in the Fab region in order to eliminate exposed glycan structures. 
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Some researcher propose use of aglycosylated therapeutic antibodies to avoid 

glycosylation-related adverse events and issues due to glycan heterogeneity (Hristodorov 

et al. 2013; Ju and Jung 2014; Jung et al. 2011). If Fc effector function should be retained 

amino acid substitutions in the Fc-region can compensate for the lacking glycan-mediated 

effects (Lazar et al. 2006; Sazinsky et al. 2008). Cell lines engineered to produce 

antibodies with more human-like glycosylation such as GlycoFi from Merck or 

GlycodExpress from Glycode may be alternatives to the standard cell line CHO (Arico et 

al. 2013; Beck et al. 2010; Zhang et al. 2011). 

In addition, expression systems and conditions are being improved to minimize the 

content in the non-human glycans α1-3gal and Neu5Gc e.g. by substituting serum/animal 

derived supplements or adding Neu5Ac to the culture medium (Borys et al. 2010).  

Recent advances in genetic manipulation of plant cells allowed to produce homogenous 

human-like glycosylation on antibodies (Cox et al. 2006; Schähs et al. 2007; Strasser et 

al. 2008). For example, with the GlycoDelete technology produced glycoproteins carry 

small sialylated trisaccharide N-glycans (Meuris et al. 2014). Such technologies could be 

promising to eliminate undesired effects related to non-human glycosylation or to 

deviation from human-like glycosylation. 

1.6. Gaps 

For therapeutic proteins there is some evidence that changes in glycosylation can 

increase the recognition by antigen presenting cells and cause T cell responses. For 

example, exposed oligomannose on human coagulation FVIII was shown to increase 

internalization by APCs and linked to immunogenicity (Dasgupta et al. 2007). Similarly, 

the recombinant β-glucocerebrosidase that contains higher amounts of high mannose 

(Velaglucerase) was demonstrated to be more rapidly internalized by macrophages than 

Imiglucerase which was devoid of high mannose (Brumshtein et al. 2010).  Other studies 

could not reproduce effects of glycosylation on uptake by macrophages (Tekoah et al. 

2013; Van Patten et al. 2007). Therefore, there is some ambiguity on glycosylation-

mediated effects on recognition by immune cells. 

Glycan structures on therapeutic proteins differ from that on an antibody Fc. First, 

complex tri- or tetra-antennary glycans are common on therapeutic proteins as opposed 

to mono and bi-antennary glycans in Fc-glycans (Čaval et al. 2018; Du et al. 2005). 
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Second, therapeutic protein glycans are less sialylated but more mannosylated. Third, 

therapeutic protein glycans are exposed on the surface compared to the Fc N-glycans 

which are thought to be buried and less accessible (Deisenhofer 1981; Zhou and Qiu 

2018). Forth, the proportion of glycosylation is higher on therapeutic proteins compared 

to therapeutic antibodies. Finally, O-glycosylation sites are present in therapeutic proteins 

but absent in therapeutic antibodies. For example, erythropoetin (Epo) has 3 N- and 1 O-

glycosylation site(s). Because the molecular weight of Epo (34 – 38 kDa) is low compared 

to an antibody (150 kDa) the relative glycan proportion is high (40 % vs 2 – 3 %, (Dubé 

et al. 1988). For these reasons the theoretical risk that Fc glycans can affect 

immunogenicity appears to be low. However, to date, no clear evidence exists that Fc N-

glycans do or do not contribute to immunogenicity. 

In addition, it is not known whether deviations in glycan composition from that found on 

human serum IgGs affect immunogenicity.  By 2012 16 mAbs engineered to contain 

decreased fucose content have entered clinical testing (Beck and Reichert 2012). These 

preclinical and clinical studies did not indicate that glycan modification increases the 

immunogenicity risk. Since no direct head-to-head comparison of the glyco-modified vs 

unmodified mAbs is done in the clinical setting the possibility that glycan modification 

impacts immunogenicity cannot be excluded. In addition, so far, no more than two glyco-

engineered antibodies (Obinutuzumab and Mogamulizumab) have been approved 

(https://www.antibodysociety.org/resources/approved-antibodies/). Thus, currently, there 

is insufficient conclusive evidence of the role of antibody glycosylation for antigen 

recognition and immunogenicity. It may be possible that the increased engagement of 

FcγRs by afucosylated antibodies increases the activation state of FcγR expressing cells, 

including APCs, thus promoting pro-inflammatory conditions that may contribute to 

antigen recognition and in turn cause immunogenicity. In addition, not only changes in 

fucose but also in galactose, mannose or sialic acid content could likewise affect 

immunogenicity. Indeed, Reusch and Tejada 2015 concluded that the effect of these 

antibody Fc N-glycans on immunogenicity is unknown. One study showed an effect of 

galactose/GlcNAc on human serum IgG on the recognition by APCs where 

agalactosylated IgG increased DC uptake due to GlcNAc exposure (Dong et al. 1999). 

To date no evidence has been provided on whether changes in mannose/sialic acid and 

galactose content impact immunogenicity of therapeutic antibodies. 

https://www.antibodysociety.org/resources/approved-antibodies/
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One needs to consider that the immunogenicity risk is multifactorial. Therefore, aberrant 

glycosylation alone may not necessarily induce immune responses. It is likely that for 

example the combination of immunogenic peptide epitopes, glycosylation and 

aggregation leads to an undesired immune stimulation and factors are closely 

interdependent. The underlying amino acid sequence provides the template for 

glycosylation sites, aggregation propensity may depend on glycosylation and aggregates 

in turn may expose new immunogenic epitopes. In line with this, it could be recently shown 

that introduction of a glycan chain into an adalimumab Fab decreased its aggregation 

propensity (Nakamura et al. 2018). In addition, immunogenicity for this glycosylated Fab 

was reduced in mice (Nakamura et al. 2021).  However, it remains unknown whether the 

observed effects on immunogenicity were related to glycosylation or to aggregation. 

Therefore, studies aiming to assess immunogenicity risk induced by one specific factor 

such as glycosylation need to make sure that interdependent factors (such as 

aggregation) are controlled. 

It is not new that changes in protein glycosylation can greatly impact antigen presentation 

and T cell activation (Johannssen and Lepenies 2016; Streng-Ouwehand et al. 2016; van 

Kooyk et al. 2013). However, it is not known whether such changes on therapeutic 

antibodies could likewise affect immune recognition and signaling by DCs. Because such 

events would have an unequivocal effect on the immunogenicity it is important to address 

this open question.
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2. Current mechanistic understanding for glycosylation-related immune responses     

2.1. General concept of antigen recognition 

Antigen recognition occurs bi-phasic: initially by cells of the innate immune system, 

secondary by cells of the adaptive immune system. Components of the innate immune 

system recognize a limited number of common patterns of microbes, i.e. one receptor 

can recognize structures common to different classes of microbes (e.g. mannose receptor 

mannose). Contrary, the adaptive immune system produces highly diverse receptors and 

antibodies that recognize unique structures of the microbe and non-microbes not 

necessarily shared by another one. 

Cellular components of the innate immune system use distinct receptors for antigen 

recognition and subsequent initiation of the cellular response. For many of those 

receptors glycan-structures serve as recognition motifs or are important for their function. 

Some examples are given in Table 3. 

Table 3: Recognition receptors of innate immune cells and dependence on glycosylated ligands/lectins 

Cell type Receptors Ligands Glycosylation-

relevance 

Effect Reference 

DCs PRRs PAMPs, 
DAMPs 

CLRs recognize 
specific glycans to 
discriminate 
between self and 
non-self 

Antigen 
presentation, 
cytokine secretion, 
T cell polarization 

Geijtenbeek 
2016, Mnich 
2020 

 TLRs 
 

PAMPS, 
Lectins 

Pathogen lectin 
binding to N-glycans 
of TLR2 and TLR4 

Host defense by 
cytokine secretion 

Ricci-Azevedo 
2017 

Macrophages PRRs PAMPs, 
DAMPs 

CLRs recognize 
specific glycans to 
discriminate 
between self and 
non-self 

Pathogen 
clearance by 
phagocytosis, 
antigen 
presentation, 
cytokine secretion 

Weis 1998, 
Blum 1991 

Neutrophils Integrins ICAM-1, 
Lectins 

Lectin binding to 
CD11b/CD18 N-
glycans 

Transepithelial 
migration 
Phagocytosis, 
apoptosis, release 
of anti-microbial 
agents 

Kelm 2020 

NK cells 2B4 CD48 Sialylation of 2B4 
inhibits recognition 
by ligand CD48 

Lysis of target cells 
by release of 
cytolytic enzymes 
from granules 

Margraf-
Schönfeld 
2011 

 CD16a IgG coated 
cells 

Removal of CD16-
glycosylation 
increases affinity to 
IgG (fine-tuning of 
IgG binding via 
CD16 glycosylation) 

Antibody-
dependent 
cytotoxicity 

Drescher 
2003, Jiang 
2016 
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Mast cells FcεR IgE IgE glycosylation is 
required for binding 
to FcεRI (decreased 
binding by removal 
of oligomannose 
glycosylation site 
N343) 

Mast cell 
degranulation, 
defense against 
helminth, allergy 

Björklund 
1999, Shade 
2015 

The cells from the adaptive immune system that are involved in antigen recognition are T 

cells and B cells. T cells only recognize linear peptides via the TCR while B cells recognize 

intact proteins via their somatically variable IgG receptors. Antigen presenting cells (DCs, 

less potent: macrophages, monocytes) bridge the innate and adaptive immune system. 

They have the function to create the linear peptide epitopes required by T cells for 

recognition and to inform them on a potential threat. Apart from complement and Fc 

receptors, they express innate germline-encoded receptors for the recognition of various 

structures. The mechanism in antigen recognition depends on the localization of the 

antigen. Extracellular antigens such as bacteria and exogenous proteins are recognized 

by APCs. After the first encounter with the foreign antigen in the tissue immature DCs 

internalize the intact antigen by distinct mechanisms (see section 2.2). Pattern recognition 

receptors expressed on the cell surface (e.g. TLR4 for LPS or LRs for glycans), in the 

endosomal membrane (TLR3 for dsRNA, TLR7 for ssRNA, TLR8 for ssRNA, TLR9 for 

CpG DNA to detect viruses) or in the cytosol (NLR for bacterial peptidoglycans) are able 

to sense the nature of the antigen also called pathogen associated molecular patterns 

(PAMP). In addition, danger-associated molecular patterns (DAMPs) released from 

stressed or necrotic cells can be recognized by PRRs. The recognition by TLRs results 

in the activation of signaling pathways causing inflammatory and anti-viral responses 

while internalization is typically triggered by LRs (García-Vallejo and Van Kooyk 2009).  

Following the internalization, the antigen is routed into the endolysosome and processed 

into linear peptides (10 – 25 aa) that are presented on MHCII to CD4+T cells. DCs 

encounter the antigen in the tissue and migrate upon recognition, internalization and 

subsequent maturation to the draining lymph nodes where the DC-T cell contact takes 

place. This contact can only lead to Th cell activation if costimulatory signals from mature 

DCs are provided (i.e. upregulation of costimulatory receptors on DCs (CD80, CD86, 

CD40, CD83) and secretion of cytokines). Such co-stimulatory signals are usually 

provided upon ligation of TLRs while potent internalization is facilitated by the ligation of 

CLRs (van Kooyk and Rabinovich 2008). Once antigen-specific Th cells are activated, 
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they stimulate cognate B cells to differentiate into memory B cells and plasma cells. 

Plasma cells secrete antibodies specific to epitopes present on the initially internalized 

antigen. Antigen uptake and presentation without co-stimulation causes anergy or 

tolerance by induction of regulatory T cells. This mechanism limits immune responses to 

self-antigens or self-glycoproteins. 

Intracellular antigens such as viruses, intracellular bacteria or tumor antigens are typically 

presented by MHCI expressed on all nucleated cells. The intracellular antigen is targeted 

to the proteasome by ubiquitination and cleaved into peptides that are further trimmed to 

8 – 10 aa polypeptides and thus fit into the MHCI binding pocket. Once these peptide-

loaded MHCI complexes are present on the cell membrane they can be recognized by 

cognate CD8+ T cells. Activation of these cytotoxic T cells promotes killing of cells that 

present the loaded peptide. 

Apart from classical MHCI/MHCII antigen presentation, the concept of cross-presentation 

has been introduced and describes the process of peptide presentation of exogenous 

antigens via MHCI (Heath and Carbone 2001). 

B cells can get activated without T cell help, i.e., T cell-independent after engagement of 

B cell receptors. T cell-dependent responses to glycoproteins are thought to follow the 

traditional peptide-centric T cell recognition i.e. presented as naked peptide. Alternatively, 

to this mechanism, it is hypothesized that glycoproteins are depolymerized and presented 

as glycan-peptides on MHCII to T cells. The glycan moiety of the MHC loaded glycan-

peptide is postulated to be recognized by carbohydrate-specific T cells (Tcarbs) (Avci et 

al. 2011). 

The soluble product of the adaptive immune response, the secreted antibodies, display 

unique specificity to the antigen or pathogen. These antibodies bind to soluble antigens 

or pathogens. The antibody-antigen complexes or opsonized pathogens can be 

recognized by FcγRs expressed by DCs or macrophages or by complement and thus 

close the loop from the adaptive to the innate immune response. 

2.1. Principles of glycan recognition 

The density or multivalence of the glycans is used to discriminate between self- and non-

self-glycans. Pathogens display glycans in repetitive units such as in polysaccharides and 

lipopolysaccharides. By this means the low affinity interaction (Kd mM – uM) of glycans 
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with carbohydrate binding proteins can be compensated achieving high avidity binding 

(Dam and Brewer 2009). Increasing the valence of the glycan epitope increases the 

recognition and associated biological effects (such as internalization and signaling). 

Ligand clustering can either be caused by multivalence on a single oligo/polysaccharide 

or by presence of multiple glycans on a single protein (Figure 5A and Figure 5B). This 

strategy is successfully used to increase the antigenic responses to vaccines by targeting 

antigens to DCs (García-Vallejo et al. 2013). The multivalent ligand can engage the 

cellular lectins in two ways. Either the multivalent glycan ligand clusters I) a single lectin 

receptor that carries multiple CRDs (e.g. Mannose receptor) or II) multiple lectin receptors 

with a single CRD (e.g. DCIR or Siglecs) (Figure 5B). In addition, the binding to lectin 

receptors can be increased by linking the glycan to proteins or lipids which facilitates 

binding to a non-CRD adjacent to the CRD of the carbohydrate binding protein. 

 

Figure 5: Hypothetical mono- and multivalent lectin recognition of antibody Fc N-glycans 

Antibody Fc N-glycans (example high mannose type glycan) could theoretically be recognized by lectin 
receptors (example mannose receptor) in different ways. A: Monovalent binding of a single glycan from one 
antenna providing two mannose residues (depicted as green circle, potentially interacting mannose 
residues within the high mannose glycan highlighted) to one CRD (carbohydrate recognition domain) B: 
Multivalent recognition by binding of I: multiple glycans provided by a) two antennas or b) two high mannose 
arms to multiple lectin CRDs or II. multiple glycans (from two arms) to one CRD provided by a) two identical 
(homomeric) or b) two different (heteromeric) lectin receptors (LRs). Because of the low the size of and 
spacing between the two Fc N-glycans it is very unlikely that a crosslinking of multiple LRs can occur and 
is here only depicted for illustrative purposes. More likely interactions are marked by the green box. In 
addition, the MR has multiple CRDs, thus it is not expected that the MR CRD co-engage with CRDs from 
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other MRs or CLRs but this may be possible for CLRs with single CRDs (Taylor 1993). High avidity binding 
and receptor crosslinking enhances internalization and/or signaling (no signaling domain in MR but co-
engagement or recruitment of adapter proteins with/from other PRRs may facilitate signaling). 

The structural and distal arrangement of multiple monosaccharides is relevant as well for 

the recognition and explains that lectin classes bind only specific ligands. For example, 

the mannose binding protein MBP and DC-SIGN both recognize mannose. However, 

MBP has a large inter-spaced CRD in trimeric subunits that clusters single terminal 

mannose and allows flexible binding of widely distributed mannose residues as found on 

bacterial cell walls. On endogenous glycoproteins spacing between terminal mannose is 

short which does not allow recognition by MBP but by the CRD of lectin receptors such 

as DC-SIGN (Mitchell et al. 2001). 

On the molecular level, carbohydrates interact with amino acids non-covalently via 

formation of hydrogen bonds, van der Waals contact and ionic bonds. The linkage of the 

monosaccharide chemical groups is important for the recognition by lectins because the 

relative week bonds created by abovementioned forces require close interaction only 

achievable via accurate orientation over short distances (Commins 2014). Contrary, 

protein-protein interaction are typically based on interaction with charged amino acids 

which are stronger and allow for more flexibility. For many lectins bivalent ions such as 

calcium ions (Ca2+) support the direction of hydroxyl groups of the carbohydrate to the 

amino acid side chain which creates the primary interaction site. Secondary interactions 

of a proximal carbohydrate with a CRD amino acid contributes to the ligand specificity 

(Geurtsen et al. 2010). The equatorial 3- and 4-hydroxyl group of the monosaccharides 

often participate in binding to the carbohydrate recognition domains by hydrogen bond 

formation with CRD amino acid side chains. Since these OH-groups are similarly oriented 

in mannose, GlcNAc and fucose (Figure 4B) these sugars are commonly recognized by 

lectin receptors that share the glycan recognition motif in their CRD (e.g. EPN for MR, 

DC-SIGN, Langerin). 

Polysaccharides itself are weakly immunogenic and not able to stimulate T cell responses 

(i.e. T cell independent) because the processed oligosaccharides do not bind to MHCII 

(Duan et al. 2008) and therefore do not induce memory responses and antibody class 

switch thus are characterized by low affinity IgM and lacking high affinity IgG . Some 

exceptions to this rule exist. So-called zwitterionic (positive and negative charge) 

polysaccharides (ZPS) were reported to stimulate carbohydrate-specific T cell responses 
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(Avci and Kasper 2010; Barrett 1985; Ovodov 2006; Sun et al. 2016). However, if 

polysaccharides are coupled to proteins or lipids they become highly immunogenic. 

2.2. Endocytosis mechanisms 

Endocytosis is facilitated by two main mechanisms: clathrin-dependent or clathrin-

independent endocytosis. Phagocytosis, macropinocytosis and caveolin-dependent 

endocytosis belong to the latter. Dendritic cells typically internalize via a combination of 

I. constitutive macropinocytosis and II. receptor-mediated endocytosis (clathrin-

dependent). During macropinocytosis large vesicles of fluid phase antigens are non-

selectively sampled and ingested. Under inflammatory conditions macropinocytosis is 

transiently upregulated (West et al. 2004). In contrast, receptor-mediated endocytosis as 

supported by LRs or FcγRs takes up the antigen specifically upon binding based on ligand 

properties and endures upon maturation (Platt et al. 2010). This process is much more 

efficient than macropinocytosis and usually induces T cell activation (Engering et al. 2002; 

Lam et al. 2005; Tan et al. 1997) potentially due to signaling events associated with 

receptor binding. 

There are four endocytosis phases mediated by receptors: cargo recognition, membrane 

deformation, scission and translocation of cargo to the cytosol (Johannes et al. 2016). 

Clathrin-dependent endocytosis relies on the recruitment of adaptor proteins such as 

adaptor complex 2 (AP2) to the linear tyrosine or di-leucine motif of the cytoplasmic tail 

of the endocytosis receptor. This recruitment initiates clathrin polymerization and 

subsequent membrane reorganization leading to formation of vesicles. Membrane 

vesicles are released into the cytoplasm and fuse with each other to the early endosome 

(Ritchie et al. 2013). In this manner the receptor-ligand complex is delivered to the 

endosomes. 

Phagocytosis is a receptor-mediated endocytosis mechanism to remove particles > 500 

nm such as bacteria. It is mainly performed by macrophages that express Fc or 

complement receptors to recognize particles opsonized with IgG or C3b. Upon receptor 

binding the particles are engulfed in up to 1 m large vesicles, called phagosomes, which 

were formed from the cell membrane by actin assembly. The phagosomes fuse with the 

late endosome or lysosome to the phagolysosome where the ligand is processed for 

MHCI and MHCII presentation. 
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B cells capture and internalize the antigen by cognate B cell receptors (BCR) for 

endolysosomal processing (Chesnut and Grey 1981; Lanzavecchia 1985; Rock et al. 

1984). 

2.3. Antigen routing and processing 

Endocytosis by receptors in DCs can either shuttle the ligand/receptor complex to the 

recycling or degradative pathway (Figure 6). In the mildly acidic early endosome (pH 5.9 

– 6.8) the receptor/ligand complex or the dissociated receptor may be transported back 

to the cell surface. Entering the recycling pathway protects the bound cargo from 

degradation (Maxfield and McGraw 2004; Ritchie et al. 2013). In addition, receptor 

recycling is another means to regulate and maintain the receptor expression as opposed 

to transcriptional/translational regulation. 

 

Figure 6: Fc N-glycans influence routing and processing into endolysosome by differential receptor 
recognition 
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The antibody Fc N-glycan can be recognized by LRs and FcγRs expressed by dendritic cells (DC) thus 
internalized by receptor-mediated endocytosis (RME). Depending on the glycan pattern binding to specific 
LRs/FcγRs results in distinct routing and processing after internalization by DCs. I: Inhibitory FcγRs 
(FcγRIIb) route the bound cargo into the early endosome (EE) where the antibody is transferred to FcRn, 
thus recycled back to the surface and rescued from degradation. II. Mannose recognizing LRs can route to 
a) the late endosome (LE) and b) destine the bound cargo to the degradative pathway (Lys: lysosome) 
where c) antigenic peptides are generated and presented via MHCII to T cells (T). III: RME may be inhibited 
if sialylated Fc N-glycan is recognized by Siglecs. 

If the pH decreases in the early endosome, vesicles become mature and form the late 

endosome proximal to the nucleus. Intraluminal vesicles containing the cargo bud off and 

fuse with the lysosome where the receptor/ligand complex or the ligand alone undergoes 

proteolysis (Huotari and Helenius 2011; Russell et al. 2006). In this case, the antigen is 

directed to the degradative endolysomal pathway and results in MHCII presentation of 

cleaved peptides. In the ER MHCII proteins HLA-DR, HLA-DM and li (HLA-DR invariant 

chain) are synthesized, routed through the Golgi into exocytic vesicles which fuse with 

the endolysosome forming the MHCII compartment (MIIC). This compartment contains in 

addition to HLA-DR and HLA-DM, LAMP-1 and the antigen. Proteolytic enzymes present 

in the endosomes are activated with decreasing pH. Such exo- and endoproteases 

(cathepsins, asparagine endopetidase) with defined amino acid specificity cleave the 

antigen into peptides. The antigenic peptides are finally loaded onto HLA-DR facilitated 

by the chaperon HLA-DM which replaces class II associated Ii peptide (CLIP) derived by 

cleavage of the invariant chain (Ii) by the peptide. These MHCII loaded peptides are 

transported to the cell surface and can be recognized by α/βTCRs. DCs are the most 

proficient APC because the activity of proteolytic enzymes in the lysosomes is lower 

compared to other APC (macrophages). Thus, the proteases do not completely cleave 

the peptides but generate antigenic peptides that fit into the MHCII binding pocket (10 – 

25 aa) (Delamarre et al. 2005). 

Exogenously endocytosed antigens can also be presented by MHCI by a mechanism 

called cross-presentation. By this means antigens taken up after recognition by DC LRs 

can stimulate CD8+ T cell responses. Cross-presentation seems to occur at lower rate if 

the antigen is targeted to the late endosome. Thus, increased cross-presentation may be 

achieved by targeting of receptors that preferentially deliver to the early endosome. 

Vice versa antigen presentation and subsequent T cell recognition facilitated by routing 

into the late endosome is desired to increase vaccine efficacy. However, delivery into the 

degradative pathway could also promote unwanted immunogenicity of therapeutic 
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proteins. Endocytosis receptors are reported to sort the antigen into different 

endolysosomal compartments and thus can determine the fate of the antigen for 

immunogenic or tolerogenic presentation (Burgdorf and Kurts 2008). In the following 

sections two major groups of endocytosis receptors i.e. lectin receptors and FcγRs are 

introduced. Their relevance in the context of glycosylation-dependent antigen recognition, 

routing and presentation is outlined. 

2.4. Lectin receptors 

Lectins are carbohydrate binding proteins which play important roles in the regulation of 

a variety of immune responses. Pathogen recognition, leukocyte trafficking, 

phagocytosis, clearance by hepatocytes, antigen uptake and processing and initiation of 

adaptive immune responses are mediated by the interaction of LRs with glycosylated 

antigens (terminal glycans). Signaling cascades can be initiated upon LR ligation and 

cause pro- or anti-inflammatory responses (Sancho and Sousa 2012). These events 

serve to protect the organism from severe consequences of pathogenic infections. The 

organism has different options to cope with the invading antigen. Glycan structures 

present on glycoproteins can be transformed,  the availability of substrates for 

glycosyltransferases can be adjusted, the expression of cognate lectin receptors can be 

regulated (Johnson et al., 2013). Such strategies can also be used as to manipulate 

immune responses for prophylactic and therapeutic purposes. For example, pathogen or 

tumor antigens can be decorated with multivalent glycan structures that increases the 

interaction with LRs expressed by DCs which is also called DC-targeting. 

Animal lectins were classified based on sequence homologies into C-type and S-type 

lectins (also called Galectins). I-type lectins (immunoglobulin superfamily IgSF) formed a 

new class of animal lectins and include the sialic acid Ig-like binding lectins (Siglecs). 

Plant lectins are divided into L-type (Legume lectin-like, such as concanavalin A and 

phytohemagglutinin) and R-type (Ricin-like) lectins (Varki 2017). P-type lectins recognize 

mannose 6-phosphate N-glycans of lysosomal enzymes which is important for delivery to 

endolysosomal vesicles.  Intracellular sorting lectins Calnexin, Calreticulin and M-type 

lectins are most broadly distributed. M-type lectins recognize high mannose glycans and 

target misfolded proteins to proteasome degradation. 
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Glycans from microbial or altered self-glycans are recognized by animal lectins by a highly 

conserved carbohydrate recognition domain (CRD). This domain defines the preference 

to bind specific glycan structures which is also commonly used to classify lectin receptors. 

However, ligand specificity for lectin receptors or glycan binding proteins cannot only be 

reduced to the glycan portion. This is reasonable for plant lectins such as SNA. The entire 

plant lectins comprise solely CRDs and thus only serve to cross-link glycans based on 

multivalence causing clustering or agglutination. This concept also applies to Galectins. 

For most lectins however the CRD is connected with other types of functional domains or 

membrane anchors with signaling domains and allows to combine different functions. In 

these cases the ligand comprises the glycan on a particular glycoprotein or cell surface. 

For example, CD24 as ligand for Siglec 10 does not sufficiently indicate the exact ligand 

requirement because Siglec 10 does not recognize CD24 without the specific glycan 

(Chen et al. 2014). Another example illustrating that not solely the glycan determines the 

binding specificity is DC-SIGN that only recognizes Ley if present on ICAM-2 and not other 

proteins (García-Vallejo et al. 2008).  

Galectins are cytosolic or secreted lectins (family of 15 members) that are able to 

recognize N-acetylactosamine (Galβ1-4GlcNAc, Galβ1-3GlcNAc) and poly-LacNAc on N- 

and O-glycans (Johnson et al. 2013). These minimal recognition motifs are exposed on 

many glycoproteins, for example on CD45. Clustering of glycoprotein receptors by 

simultaneous engagement of dimeric (e.g. galectin 1) or multimeric galectins (e.g. galectin 

3) supports the formation of glycoprotein-lattices and in the case of CD45 can prevent 

αβTCR activation (Chen et al. 2007). Galectins can also have stimulatory functions as 

reported for galectin 8, which, if bound to CD45, induces T cell proliferation (Tribulatti et 

al. 2009). 

The following two subsections are focused on describing C-type lectin receptors and 

Siglecs based on their potential relevance for the modulation of antigen recognition of 

therapeutic glycoproteins. The endocytosis receptors were divided into two groups based 

on the reported ability to recognize glycan structures that are displayed by Fc N-glycans 

of therapeutic antibodies and summarized in Table 4 and Figure 7.
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Table 4: Characteristics of endocytosis receptors 

Receptor Family Cells Signaling CRD  
motif 

Reported Glycan Ligands Murine 
Orthologue 
(homology) 

Reference 

DC-SIGN 
(CD209) 

CLR II DCs, M Raf-1  signalosome 
(Th1/Th17) 
Fucose signalosome 
(Th2//TFH, Treg) 

EPN High mannose (branched): α1-3 

linked internal Man of outer 
branch of high mannose type 
Fucose (Lewis type structures Leª, 
Leb,  Lex, Ley, sulfo-Leª, sulfo-Lex) 
Sialic acid on Fc-glycan of IgG 
(but no direct binding of sialic acid 
 affects Fc conformation and 
thereby influences Fc-DC-SIGN 
protein interaction) 

SIGNR1 (not 
expressed on 
DCs) 
SIGNR3 

García-Vallejo and Van Kooyk 
2009 
Geijtenbeek and Gringhuis 
2016 
Holla and Skerra 2011 
Mitchell et al. 2001 
Vendele et al. 2020 

Langerin (CD207) CLR II LC ? 
Birbeck granule 
formation 

EPN High mannose (branched and 

linear), 
Fucose (Leb,  Ley), GlcNAc, no 
binding to complex type glycans 
(mono – tri-antennary) 

mLangerin (65 – 
74 %) 

Holla and Skerra 2011 
Takahara et al. 2002 
Stambach and Taylor 2003 

Valladeau et al. 1999 
Valladeau et al. 2000 
 

DCIR CLR II DCs, Mo, M, 
B, N 

ITIM EPS GlcNAcβ1-2Man,  
biantennary N-glycans 

Fucose (Lea Leb, sulfo-Lea) 
sulfo-Lac/LacNAc 
Gal, GlcNAc, Glc 

Man3 

mDCIR 
(65 %) 

Bates 1999 
Bloem et al. 2013 
Hsu et al. 2009 
Nagae et al. 2016 

MGL1/2 CLR II DCs, M Augments TLR2 
signaling 
(Treg) 

QPD Le
x
, Le

a 
(MGL1) 

Gal, GalNAc (Tn antigen on TAA 

MUC-1, self-glycoprotein CD45) 
(MGL2) 

mMGL1/ 
mMGL2 

Maglinao et al. 2014 
Singh et al. 2009 
van Vliet et al. 2008 
van Vliet et al. 2013 
 

DC-ASGPR  CLR II DCs ITAM 
(Treg) 

QPD Gal, GalNAc  Li et al. 2012 
Valladeau et al. 2001 

MR 
(CLEC13D, CD206) 

CLR VI DCs, 
M, non-
vascular 
endothel 

No motif 
(Th2/Th17) 

EPN High mannose,  
Fucose (Fuc-α6-GlcNAc-R),  
GlcNAc, 

CR motif: sulfated sugars (R-Gal-
3-SO4, R-GalNAc-4-SO4) 
FNII motif: collagen 

mMR Martinez-Pomares 2012 
Taylor et al. 2005 
Vendele et al. 2020 

Siglec-7/9/10 Ig (I)-type 
lectin 
family 

moDCs, Mo, 
M 

ITIM V-Set Sialic acid (Neu5Acα2-6Galβ1-
4GlcNac) binding may be masked 

by sialylated cis-glycans 

Siglec E/G Kawasaki et al. 2014 
Angata and Varki 2000 
Lock et al. 2004 
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Endocytosis receptors without reported Fc N-glycan specificity 

DEC-205 
(CD205, LY75, 
CLEC13B) 

CLR VI DCs, 
Mo, B, NK, T 

No motif n.a. CTLD: wo glycan binding, 
unknown ligand on apoptotic cells 

mDEC-205 García-Vallejo and Van Kooyk 
2009 
Streng-Ouwehand et al. 2011 
 

CLEC9A 
(DNGR1) 

CLR V BDCA3+ 
DCs 
Not on 
moDCs 

ITAM n.a. Unknown: sensor of cell damage 
(binds actin), 
No conserved residue for 
carbohydrate binding within CTLD 

 Huysamen et al. 2008 
 

Dectin-1 
(CLEC7) 

CLR V moDCs, N, 
B, 
keratinocytes 

ITAM  
(Th17, Treg) 

WIH in  
β-sheet 3  

β1,3-glucan  Herre et al. 2004 
 

Ligands in bold: potential ligands present on Fc N-glycans 
B: B cells, DCs: dendritic cells, LC: Langerhans cells, M: macrophages, Mo, monocytes, N: neutrophils, NK: NK cells, T: T cells, Le: Lewis 
Conserved CRD motifs determine glycan selectivity: EPN motif: equatorial 3- and 4-OH groups as present on Mannose, GlcNAc, Fucose; QPD motif 
axial 4-OH group as present in Galactose & GalNAc (Drickamer 1992) 
DCIR: Dendritic cell immunoreceptor, DC-SIGN: Dendritic cell-specific ICAM-3 grabbing non-integrin, DC-ASPGR: DC asialoglycoprotein receptor, 
MGL: Macrophage galactose N-acetylgalactosamine specific lectin, MR: mannose receptor, Siglec: Sialic acid-binding Ig-like lectin 
Lewisa: Galβ1–3(Fucα1–4)GlcNAc; Lewisb: Fucα1–2Galβ1–3(Fucα1–4)GlcNAc; Lewisx: Galβ1–4(Fucα1–3)GlcNAc; Lewisy: Fucα1–2Galβ1–
4(Fucα1–3)GlcNAc; Man3: tri-mannose core, GN: GlucNAc, F: fucose 
Siglec 7/9/10 selected because ligand with closest specificity to Fc-N glycan sialoglycans and expressed on moDCs 
Th response extracted from Geijtenbeek 2016
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2.4.1. CLRs 

C-type lectins (CTLs) comprise secreted (collectins, proteoglycans) or transmembrane 

proteins (selectins, myeloid C-type lectin receptors (CLRs)). CLRs are the most important 

PRRs for recognition of glycosylated antigens by DCs. Many CLRs are endocytic 

receptors that take up glycosylated self or non-self-glycoproteins, route it into the 

endolysosomal compartments which leads to peptide generation and subsequent 

presentation by MHCI/II causing immunogenic or tolerogenic responses. Typically, CLRs 

are highly expressed on immature DCs and are down-regulated upon maturation (van 

Kooyk and Rabinovich 2008). 

Many CLRs are Ca2+ dependent surface membrane proteins thus called C-type. A group 

of CLRs lacks Ca2+-dependent or glycan-dependent recognition motifs in the CRD which 

is therefore called C-type lectin like domain (CTLD). CTRs are classified into 16 groups 

based on the diversity in the CRD/CTLD domain sequence and architecture which 

determine the ligand specificity. Some CLRs have a shared ligand specificity e.g. DC-

SIGN and MR recognize the trisaccharide Lewisx. 

The CLRs differ in inhibitory, activating or lacking signaling capacity. Inhibitory CLRs have 

an immunoreceptor tyrosine-based inhibition motif (ITIM) while activating CLRs have a 

Syk-coupled immunoreceptor tyrosine-based activation motif (ITAM) in their cytoplasmic 

domain (Hoving et al. 2014). Activation through ITAM can occur directly (ITAM of CLR) 

or indirectly (association of CLRs with ITAM-containing adaptor molecule e.g. from FcR 

γ-chain) and causes Syk (spleen tyrosine kinase) recruitment and phosphorylation. 

Downstream signaling followed by ITAM activation can trigger different responses ranging 

from internalization/phagocytoses, DC maturation to cytokine secretion (Strasser et al. 

2012). Eventually, TH1/TH2 or TH17 adaptive immune responses can be initiated through 

CLRs. Engagement of inhibitory CLRs (such as DCIR) recruits tyrosine phosphatases 

SHP1 and SHP2 that regulate activity induced by other PRRs which can overall lead to 

inhibitory or activating signals (Redelinghuys and Brown 2011). 

2.4.1.1. MR (CD206) 

The mannose receptor is expressed on macrophages and DCs and recognizes terminal 

glycans (D-mannose, L-fucose, N-acetylglucosamine) on the surface of pathogens or 

endogenous glycoproteins (Gazi and Martinez-Pomares 2009). The MR was originally 

discovered as a scavenger receptor involved in the clearance of glycoproteins (lysosomal 
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enzymes and collagen fragments from damaged tissue) with terminal mannose and 

GlcNAc by macrophages (Kupffer cells) and sinusoidal cells of the liver (Lee 2002).  

In addition to the C-type carbohydrate recognition domains (CRD), the MR contains a 

fibronectin type II repeat which facilitates binding of triple helical peptides (such as 

collagen) and an R-type cysteine-rich domain that binds sulfated glycans R-3-Gal-SO4 or 

R-GalNAc-3/4-SO4 (Taylor et al. 2004). This CR domain enables the clearance of 

luteinizing hormone (lutropin) which contains sulfated glycans.  

The MR contains eight CRDs, only CRD 4 and CRD 5 are accountable to Ca2+-dependent 

binding of abovementioned glycans (Taylor et al. 1992). CRD 6 – 8 seem to be important 

for the efficient binding of natural glycoproteins which requires clustering of multiple CRDs 

(Taylor 1993). The binding activity depends on organ-specific MR glycosylation (terminal 

sialylation) that influences the capacity to bind mannosylated glycoproteins (Su et al. 

2005). It is unclear whether MR directly activates immune responses because it lacks a 

cytoplasmic signaling domain but may modulate signals triggered by other receptors 

(such as TLRs) (Martinez-Pomares 2012). However, its short cytoplasmic tail contains a 

tyrosine-based motif important for clathrin-dependent endocytosis and the targeting to the 

early endosome where the MR releases its cargo while the naked receptor recycles back 

to the cell surface (Schweizer et al. 2000). 

All members of the Mannose receptor family seem to route the bound cargo into the early 

endosome for exclusive presentation on MHCI (i.e. by cross-presentation) (Burgdorf et 

al. 2007). However, routing to the late endosome and associated MHCII presentation has 

been observed if the MR receptor is recognized by mannosylated or GlcNAc-modified 

antigens in conjunction with TLR stimulation (Keler et al. 2004). 

It is speculated that the MR in its soluble (sMR) form, which sheds by cleavage after 

recognition by the CTLDs, can target its cargo to sialo-adhesions expressed by DCs or 

macrophages and may by this means exert distinct effects on MHCII presentation.  

2.4.1.2. DC-SIGN (CD209) 

DC-SIGN is expressed on macrophages and immature/mature DCs and recognizes 

fucose (Lewis type structures: Lea, Leb, Lex, Ley, sulfo-Lea) and high mannose structures 

in a Ca2+-dependent manner (Appelmelk et al. 2003; Geijtenbeek et al. 2000; Holla and 

Skerra 2011). It has a single extracellular CTLD but since it is a tetramer four CRDs are 
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present and allows clustering (Mitchell et al. 2001). In contrast to other mannose-

recognizing CLRs which bind only to terminal mannose residues, DC-SIGN binds internal 

mannose within the high mannose glycan (Feinberg et al. 2007; Feinberg et al. 2001; Guo 

et al. 2004). In the high mannose glycan, the outer tri-mannose branch is the primary 

ligand (as highlighted in Figure 7). The inner tri-mannose core is not recognized because 

the branch-initiating mannose is linked in β-configuration and does not provide the proper 

orientation. Based on its dual glycan recognition properties, DC-SIGN can mediate 

opposing effects. Binding of fucosylated glycans (usually expressed by cells within the 

organism, Lewis antigens) results in immunological homeostasis while binding of high 

mannose residues (as presented by pathogens) triggers an inflammatory response. The 

affinity of DC-SIGN to fucosylated glycans is reported to be higher compared to 

mannosylated glycans (Lee et al. 2010). 

DC-SIGN is able to transduce signals in a Raf-1 dependent manner (Gringhuis et al. 

2007). Engagement with mannosylated glycoproteins (M tuberculosis, HIV) results in 

activation of pro-inflammatory signaling (IL-6, IL-12) while engagement with fucosylated 

glycoproteins (H pylori) induces anti-inflammatory signaling (IL-10) associated with 

tolerance induction (Gringhuis et al. 2009). In the context of tolerance, aberrantly 

glycosylated tumor cells can be recognized by DC-SIGN and promote tumor escape 

(García-Vallejo and Van Kooyk 2009). A wealth of studies showed that glycan-modified 

antigens endocytosed via DC-SIGN route to the late endosome resulting in MHCII 

presentation and Th cell activation and MHCI-mediated cross-presentation to cytotoxic T 

cells (Engering et al. 2002; Singh et al. 2009; Tacken et al. 2005). 

Apart from pathogen recognition, DC-SIGN is implicated in DC trafficking through 

interaction with ICAM-2 expressed on endothelial cells (other ligands: CEACAM-1, MAC-

1, van Gisbergen et al. 2005) and a cell adhesion receptor that mediates interaction 

between DCs and resting T cells upon binding to ICAM-3 (Geijtenbeek et al. 2000). In 

addition, DC-SIGN is used as entry receptor by HIV-1 via binding of the gp120 envelope 

which facilitates transmission of the virus from DCs to CD4+ T cells (Geijtenbeek et al. 

2000). 

Terminal sialylation of IgG Fc-N glycans may promote interaction of the Fc with DC-SIGN 

and other type II FcγRs. This interaction seems to result from the conformational change 

mediated exposure of the CH2-CH3 interface in the Fc region associated with terminal 
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sialylation i.e. by protein-protein interaction and not by direct recognition of sialic acid 

(Ahmed et al. 2014; Pincetic et al. 2014; Sondermann et al. 2013). DC-SIGN activation 

by sialylated IgGs induced IL-33 mediated Th2 / Treg polarization and subsequent 

upregulation of the inhibitory FcγRIIb on myeloid cells in mice and was proposed to 

explain the anti-inflammatory effects of sialylated IVIG (Anthony et al. 2011; Fiebiger et 

al. 2015). 

2.4.1.3. DCIR 

DCIR (Dendritic cell immunoreceptor) is expressed on immature/mature DCs, monocytes, 

macrophages and B cells (Bates 1999). It contains a single CRD which recognizes 

mannose (Man3), fucose (Lewisa , Lewisb), sulfated LacNAc and the disaccharide motif 

GlcNAcβ1-2Man commonly present in bi-antennary N-glycans (Hsu et al. 2009; Lee et al. 

2011; Nagae et al. 2016) in a Ca2+-dependent manner. Albeit DCIR shares these glycan 

ligands with DC-SIGN the recognition by DCIR is narrower because it only recognizes 

α1-4-linked fucose as present in Lewisa and Lewisb structures (Bloem et al. 2014). In 

addition, the CRD of DCIR is possibly masked by cis bound carbohydrate present on the 

cell, thus causing constant inhibition. Further, because DCIR is glycosylated in the CDR, 

glycan binding may be prevented. Others propose that DCIR can form homo-oligomers 

via the internal N-glycan (Nagae et al. 2016). 

DCIR is the only C-type lectin receptor that has a cytoplasmic inhibitory signaling domain 

(ITIM) (Bloem et al. 2013). Accordingly, it is assigned a role in immune homeostasis. As 

MR and DC-SIGN, DCIR is an endocytic receptor but seems to exhibit a lower 

internalization rate (anti-DCIR as ligand) resulting in inferior capacity to present antigen 

to CD4+ T cells compared to other receptors. In line with its inhibitory designation, 

combined triggering of DCIR and DC-SIGN compromises routing of DC-SIGN to the 

lysosome (García-Vallejo et al. 2015). Recently, DCIR binding of sialylated IgG could be 

demonstrated which promoted tolerogenic responses (Massoud et al. 2014). 

2.4.1.4. DEC-205 

DEC-205 is an endocytic DC receptor but is also expressed on monocytes, B cells, T cells 

and NK cells in humans (Kato et al. 2006). DEC-205 has 10 different CTLDs but none of 

those seem to bind glycans. The ligand for DEC-205 is not identified yet. However, 

apoptotic cells seem to display structures that can be recognized by DEC-205 (Small and 

Kraal 2003). Thus, DEC-205 may facilitate clearance of apoptotic cells. Moreover, a 
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function of DEC-205 in the antigen presentation has been demonstrated because anti-

DEC-205 conjugated antigens can target DCs and reach the late endosome which can 

promote MHCI and MHCII presentation (Bonifaz et al. 2002; Bonifaz et al. 2004; 

Bozzacco et al. 2007; Mahnke et al. 2000). Other studies report the induction of regulatory 

T cell responses upon DEC-205 targeting (Hawiger et al. 2001; Mahnke et al. 2003). 

2.4.1.1. ASPGR 

The asialoglycoprotein receptor or Ashwell morell receptor, the first C-type lectin identified 

in animals, is expressed on hepatocytes and recognizes terminal galactose or GalNAc by 

the CRD in a Ca2+-dependent manner. Desialylation of glycoproteins decreases the half-

life because newly exposed galactosylated glycans are preferentially bound by hepatic 

ASGPR causing an increased clearance (Weigel 1993). Nevertheless, ASGPR was also 

shown to recognize sialylated structures NeuAcα2-6GalNAcβ1-4GlcNAc-R and 

NeuAcα2-6Galβ1-4GlcNAc-R) but in vivo clearance was only increased for the NeuAcα2-

6GalNAcβ1-4GlcNAc-R (Park et al. 2005). 

Valladeau et al. 2001 identified a lectin in DCs that they named DC-asialoglycoprotein 

receptor DC-ASPGR. This endocytosis receptor seems to deliver into the early endosome 

(similar to MR) and thus recycles to the cell surface upon ligand recognition. The CRD 

contains a conserved QPD motif which accounts for the specificity to terminal galactose 

and GalNAc or Tn antigens of N- and O-glycans (as expressed by tumor-associated 

mucins MUC1 and MUC2) (Gu et al. 2019). DC-ASGPR seems to play a role in the tumor 

escape from immune recognition because ligation of DC-ASGPR initiated activation of IL-

10 downstream signaling and regulatory T cell responses (Gu et al. 2019; Li et al. 2012). 

2.4.2. Siglecs 

Siglecs can be classified into conserved (Siglec 1, CD22, Siglec 4 and Siglec 15) and 

CD33-related Siglecs (Siglec 3, 5 – 11, 14, 16, see Table 5. Conserved Siglecs share 25 

– 30 % sequence in the extracellular region and have unique cytoplasmic tails (Crocker 

et al. 2007). CD33-related Siglecs are rapidly evolving and thus non-homologous in 

different species (see Table 5). Conserved Siglecs are typically expressed on unique cell 

types while CD33-related Siglecs are expressed more broadly on different immune cells 

such as dendritic cells, B cells and monocytes.  
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Siglecs constitute a sialic acid V-Set binding domain and multiple spacer C2-set Ig 

domains. All Siglecs recognize sialic acid because the V-set domain contains conserved 

hydrophobic amino acids with an essential arginine and tryptophan/tyrosine allowing the 

interaction with the N-acetyl/N-glycolyl, the hydroxyl groups and carboxylate group of 

sialic acid. Sialic acids can be attached to various glycan species (possible adjacent 

carbohydrates: galactose, GlaNac, or Neu5Ac/Neu5Gc) in several linkages where the C2 

of sialic acid is attached to the C3-OH, C6-OH of galactose or GlaNAc or the C8-OH of 

another Neu5Ac/Neu5Gc creating α2-3, α2-6 or α2-8 linkages, respectively, always in 

terminal position (Corfield and Berry 2015). Around 50 different sialoglycans have been 

identified on secreted glycoproteins or on cellular surfaces (Varki 2017). The term sialome 

was introduced to adequately specify the high abundance and variability in the cellular 

expression of sialoglycans (Cohen and Varki 2010). Importantly, because adjacent 

carbohydrates can mediate secondary interactions with the variable loop region in the V 

set binding domain the underlying gycan defines the unique specificity of Siglecs for 

sialoglycans. Some Siglecs (Siglec 1, Siglec 4) prefer α2-3 linked sialoglycans while 

others recognize only α2-6 (Siglec 2, Siglec 6, Siglec 15) (see Table 5). 

Most Siglec receptors have one or more cytosolic immune-receptor tyrosine-based 

inhibitory motifs and thus regulate the threshold of activating signals triggered by ITAM 

containing receptors. For example, CD22 as a B cell co-receptor, diminishes BCR 

signaling if α2-6 sialoglycans, as expressed on self-antigens, are recognized (Collins et 

al. 2006). 

Contrary, a few Siglecs (Siglec 14, 15 & 16) transmit activating signals by recruitment of 

the activating adaptor DAP12 (DNAX activation protein 12) to the positively charged 

residue in the transmembrane region. Siglecs are commonly masked with sialoglycans 

present on the surface of the same cell (cis). Such self-associated molecular patterns 

(SAMPs) are released if sialoglycans from endogenous cells or pathogens, which differ 

in nature and/or density, compete for Siglec binding. Siglec receptors maintain an 

activation threshold to reduce reactivity to an antigen and thus serve to discriminate self 

from non-self. In addition to negative signaling, Siglecs can mediate uptake of sialylated 

glycans (Lock et al. 2004). As endocytic receptors Siglecs can function to clear sialylated 

antigens. On the other hand, Siglecs may be targeted by sialylated pathogens to escape 

from immune recognition facilitated by the inhibitory signaling function. 
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Factor H is another sialoglycan recognizing molecule with inhibitory function (inactivation 

of alternative complement pathway).
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Table 5: Human and mouse Siglecs 

Siglec Ligand Signaling / 

Endocytosis 

Expression Function Mouse orthologue 

Conserved Siglecs 

Siglec 1 
(Sialoadhesion, 
CD169) 

α2-3 > α2-6/ α2-8 
Neu5Acα2-6Galβ1-4GlcNAc 

Neu5Acα2-6GalNacβ1-4GlcNAc 
Gangliosides 
 
Neu5Ac 

 
Endocytosis 

Mo, M, pDCs Phagocytosis of sialylated 
pathogens; 
Dissemination of sialylated 
viruses via recognition by 
DCs, T cell “trans infection” 
Inhibits antigen presentation 

mSiglec 1 

Siglec 2 (CD22) α2-6 
Neu5Acα2-6Galβ1-4GlcNAc 
Neu5Acα2-6GalNacβ1-4GlcNAc 
 
Neu5Gc & Neu5Ac 

 ITIM B, 
MC 
Ba (isoform) 
pDCs 

Inhibition of BCR-mediated 
B cell activation, 
B cell homing to bone 
marrow 

mSiglec 2 
α2-6 Neu5Gcα2-
6Galβ1-4GlcNAc 

Siglec 4 (MAG) α2-3 > α2-6  
Gangliosides GD1a, GT1b 
Neu5Ac 

 Oligodendrocytes 
(CNS); Schwann cells 
(PNS) 

Maintenance of myelinated 
axons 

mSiglec 4 

Siglec 15 α2-6  
Neu5Acα2-6GalNAc 
 

DAP12 Osteoclasts, 
pDCs, M 

Osteoclast differentiation Siglec H 

CD33 related Siglecs 

Siglec 3 (CD33) α2-3 & α2-6 
Neu5Gc & Neu5Ac 

 ITIM Myeloid progenitors, 
Mo, M, leukemic cells, 
MC, moDCs, cDCs, 
pDCs, N 

Potential role in myeloid 
differentiation 

mCD33 (likely 
activating due to 
charged 
transmembrane 
residue, expressed 
on neutrophils) 

Siglec 5* (CD170) α2-3 & α2-6 
Neu5Acα2-3/6GalNAc 
 

 ITIM 
Endocytosis 

N, Ba, Mo, MC, 
moDCs, pDCs 

Inhibition upon recognition 
of sialylated pathogens 
(Hib) 

- 

Siglec 6 α2-6 
Glycodelin (heavily sialylated uterus protein) 
Neu5Gc & Neu5Ac 

 ITIM Placenta, 
B, MC, pDCs 

Mast cell inhibition - 

Siglec 7** α2-8 (gangliosides) > α2-6 > α2-3 
6`-sulfo-sialyl-Lex 

6-sulfo-sialyl-Lex 

Neu5Acα2-6Galβ1-4Glc 
Neu5Ac/Gcα2-6Galβ1-4GlcNac 

 

 ITIM NK, Mo, M, moDCs, 

CD8+ T cells 
P, E, Ba, MC, N 

Regulation cell survival and 
activation; 
suppression of NK cell 
cytotoxcicity against 
sialylated tumor cells, 
Dampening of TCR 
signaling 

Siglec E (not present 
on mouse T and NK 
cells) 
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Siglec 8 α2-3 & α2-6 
6’-sulfo-sialyl-Lex 

Neu5Acα2-3Galβ1-4GlcNAc 
Neu5Ac/Gcα2-6Galβ1-4GlcNAc 
α2-8 (gangliosides) 
 

 ITIM E, MC, Ba Dampening of allergic 
responses 

Siglec F (not the true 
orthologue to human 
but similar function 
and expression) 

Siglec 9 α2-3 & α2-6 
6-sulfo-sialyl-Lex 

Neu5Acα2-3Galβ1-4GlcNac 
Neu5Ac/Gcα2-6Galβ1-4GlcNac 

 

 ITIM 
Endocytosis 

N, Mo, M, moDCs, NK, 

CD4+/CD8+ T cells, 
MC 

Regulation cell survival and 
activation, suppression of 
NK cell cytotoxcicity against 
sialylated tumor cells; 
Dampening of TCR 
signaling 

Siglec E (not present 
on mouse T and NK 
cells) 

Siglec 10 α2-6 > α2-3 
Neu5Gc/Acα2-6Galβ1-4GlcNac 

Neu5Acα2-3Galβ1-4GlcNac 
Neu5Gc > Neu5Ac 

 ITIM B, Mo,  
moDCs, E 

Suppression of B1a cells 
  

Siglec G (α2-3 sialic 
acid & α2-6 sialic 
acid 
Neu5Gc > Neu5Ac) 

Siglec 11 α2-8 (gangliosides) 
Neu5Gc 

 ITIM Microglia, Mo, M Regulation of phagocytosis 
in conjunction with Siglec 
16 (E. coli, apoptotic cells) 

- 

Siglec 12 
 

No sialic acid binding because of lacking 
arginine residue in V-Set domain 

 

Siglec 13 (deleted) 
Siglec 14* α2-3 & α2-6 

Neu5Acα2-6GalNAc 
DAP12 N, Mo, M Activation upon recognition 

of sialylated pathogens 
(Hib) 

- 

Siglec 16  
(expressed in only 
35 % of humans due 
to polymorphism) 

α2-8 (gangliosides) DAP12 M, microglia Regulation of phagocytosis 
in conjunction with Siglec 
11 (E. coli, apoptotic cells) 

- 

 
B: B cells, Ba: Basophils, DCs: dendritic cells, DCs (i): inducible on DCs, E: eosinophils, M: macrophages, MC: mast cells, Mo, monocytes, N: 
neutrophils, aN: activated neutrophils, NK: NK cells, P: platelets 
ITIM: immune-receptor tyrosine-based inhibitory motifs; DAP12: DNAX activation protein 12; MAG: Myelin-associated glycoprotein, CNS: central 
nervous system, PNS: peripheral nervous system; Hib: Haemophilus influenzae 
*Siglec 5 & Siglec 14 “paired receptors” highly homologous in first two Ig domains (cross-reactivity of Siglec 5 and Siglec 14 antibodies) 
**highly homologous to Siglec 9 
- : not existing in mice 
6-sulfo-sialyl-Lex: NeuAcα2-3Galβ1-4(Fucα1-3)(6-O-sulfo)GlcNAc 
6’-sulfo-sialyl-Lex: NeuAcα2-3(6-O-sulfo)Galβ1-4(Fucα1-3)GlcNAc 
Ligands in bold are structures present on an antibody Fc N-glycan 
Extracted from Varki 2017 Essentials of Glycobiology, chapter 35, Bärenwaldt and Läubli 2019; Büll et al. 2016; Lin et al. 2019; Movsisyan and 
Macauley 2020; O'Reilly and Paulson 2010; Rodrigues et al. 2020; Von Gunten and Bochner 2008; Yu et al. 2018
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2.5. FcγRs 

FcRs are immunoglobulin heavy chain binding receptors expressed by various types of 

leukocytes (Table 3). Each FcR is specific to an Ig isotype: FcαR to IgA, FcεRI/II to IgE, 

FcγR to IgG. The most important FcγRs can be divided into high affinity (FcγRI) and low 

affinity receptors (FcγRII and III). The low affinity receptors can further be classified into 

isoforms FcγRIIa, FcγRIIb, FcγRIIc, FcγRIIIa, FcγRIIIb.  The sequence of extracellular α-

chain Ig domains of the FcγR defines the IgG heavy chain isotype and subclass 

specificity. The lower hinge region located between CH1 and CH2 of an IgG is recognized 

by the D2 domain of the FcγR in a 1:1 stoichiometry (Lu and Sun 2015). 

The weak binding of IgGs to low affinity FcγRs can be overcome if IgG is complexed with 

an antigen, thus displaying multiple IgGs on the antigen which allows receptor 

crosslinking. This high-avidity binding induces activation cascades for the activating 

FcγRs and inhibitory cascades if the only inhibitory FcγR, FcγRIIb, is engaged. Signaling 

is mediated by a cytoplasmic tail of the single α-chain receptor for FcγRII. Contrary, FcγRI 

and FcγRIIIa signaling is dependent on the association of the α-chain with the FcR 

common γ chain which contains the ITAM domain (Masuda and Roos 1993; Masuda et 

al. 1993). The isoform FcγRIIIb is a glycophosphatidylinositol-anchored receptor 

incapable to transduce signals itself but in association with other receptors (Edberg and 

Kimberly 1994; Selvaraj et al. 1989; Unkeless et al. 1995). 

The type of the signaling domain is thought to affect the internalization mechanism and 

the routing into the degradative pathway. Activating FcγRs internalize via tyrosines in the 

ITAM domain and may favor the routing into the degradative pathway (Amigorena and 

Bonnerot 1999; Guilliams et al. 2014; Miettinen et al. 1989). The inhibitory FcγRII occurs 

in two splicing isoforms FcγRIIb1 and FcγRIIb2 (Hibbs et al. 1988). The latter one is 

restricted to myeloid cells to promote internalization by the di-leucine motif in the 

intracellular ITIM domain and may route into the recycling pathway because of the lacking 

simultaneous activation stimulus. This retention protects the internalized antigen from 

degradation and can by this means be transferred to recognition by B cells (Bergtold et 

al. 2005). FcγRIIb1 does not internalize and is predominantly expressed on B cells. 

(Brooks et al. 1989; Budde et al. 1994; Van Den Herik-Oudijk et al. 1994). 

Parallel to the capacity to internalization, FcγR engagement triggers activating events 

leading to upregulation of co-stimulatory molecules (CD80, CD86) and production of pro-
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inflammatory cytokines which altogether promotes DC maturation. Hence, FcγR are 

important for regulation of antigen presentation to CD4+ T cells, and to CD8+ T cells 

through cross-presentation (Rafiq et al. 2002; Regnault et al. 1999; Schuurhuis et al. 

2002; van Montfoort et al. 2012). The finding that antibody-complexed antigens induce 

more robust T cell responses than free antigens is attributable to FcγR binding 

(Amigorena and Bonnerot 1999; Celis and Chang 1984; Heijnen et al. 1996; Tobar et al. 

2004). FcγRI has been shown to be implicated in promoting CD4+ T cell responses by 

directing to the late endosome (Dai et al. 2009). Monocyte-derived DC (MoDCs) express 

only very low levels of FcγRI because IL-4, that is used to differentiate to moDCs, 

downregulates FcγRI expression (Boruchov et al. 2005; te Velde et al. 1992). Therefore, 

FcγRII seems to be the main receptor facilitating immune complex binding on moDCs. 

FcγRIIa directs preferentially to the cross-presentation pathway (Dai et al. 2009). Albeit 

that antigen internalization by FcγRIIb can stimulate potent T cell responses, in line with 

the inhibitory function, this receptor limits DC activation and contributes to peripheral 

tolerance (Boruchov et al. 2005; Desai et al. 2007; Yada et al. 2003; van Montfoort et al. 

2012). 

The expression and distribution of FcγRs is broad and relates to their role for the function 

on and of these cells (Table 6). For example, on dendritic cells, FcγRIIa is important for 

the uptake and presentation of complexed antigens while on macrophages and 

neutrophils it mediates phagocytosis. The inhibitory FcγRIIb is expressed on all cells that 

express activating FcγR except on NK cells and counteracts the triggered activating 

signals. NK cells and macrophages express FcγRIIIa which mediates antibody-

dependent cytotoxicity (ADCC) after binding to antibody coated cells. This mechanism is 

an important component of the mode of action of therapeutic antibodies intended to kill 

malignant cells that express the antibody target. These so-called Fc-effector functions 

can be modulated if amino acid sequence or the glycosylation pattern in the Fc region is 

changed (see section 1.4). These modifications can hugely affect the affinity of the IgG 

Fc to FcγRs. The IgG Fc can even be engineered to yield selective binding to specific 

FcγRs in order to customize the desired therapeutic effect. For example with an N297A 

Fc point mutation, the conserved N-glycosylation site is removed and results in a dramatic 

reduction of the Fc to bind to FcγRs, also called Fc silencing associated with loss of 

effector function (Radaev et al. 2001). 
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Initially it could not be demonstrated that the interaction of the IgG Fc with FcγRs is 

mediated by direct contact of the Fc N-glycan with the FcγR (Sondermann 2010). Instead, 

the Fc-glycan was accounted a role in stabilizing the conformation i.e opening it if the Fc-

glycan is present and closing it if the Fc-glycan is absent (Feige et al. 2009; Radaev et 

al. 2001). One study reports that the strong interaction between afucosylated IgG Fc and 

FcγRIIIa is facilitated by direct contacts of Fc N-glycans with FcγRIIIa N-glycans i.e. 

through carbohydrate-carbohydrate interactions. This interaction is lost if the fucose is 

present in the IgG Fc glycan thus results in decreased FcγRIIIa binding (Ferrara et al. 

2011; Mizushima et al. 2011). Taken together it appears that Fc-N glycans functions to 

provide the Fc conformation required for contact with FcγRs and to mediate the binding 

by direct engagement with FcγRs (Lu and Sun 2015). 

Table 6: FcγRs 

FcγR Ligand Effect of 
glycosylation 
(IgG1)  

Signaling Expression Function Mouse 
orthologue 

FcγRI IgG1, IgG3 
high affinity 
Kd 10-9 M 

Aglyco 40 % ITAM in 
common γ 
chain 

M, Mo, N(i), 
E(i), Ba(i), 
DCs(i), MC(i) 

Phagocytosis, 
Activation 

mFcγRI 
(restricted to 
moDCs) 

FcγRIIa IgG1 – 
IgG4 
Kd 10-6 M 

Aglyco: - 

G0, G1 

G2 

G2S1/G2S2 

ITAM in 
cytoplasmic α 
chain 

M, MC, Mo, 
N, E, Ba, 
DCs, P 

Phagocytosis, 
IC uptake, 
antigen 
presentation, 
Activation 
(Platelet 
aggregation, 
release of 
antimicrobial 
agents from 
granulocytes) 
 

mFcγRIII 

FcγRIIb IgG1-IgG3 
 Kd 10-6 – 
10-5 M 

Aglyco: - 

G2 

G2S1/G2S2 

ITIM in 
cytoplasmic α 
chain 

M, MC, Mo, 
N, E, Ba, 
DCs, B, EC 

Modulation of 
activatory 
threshold 
IC uptake 
Affinity 
maturation 

mFcγRIIb 

FcγRIIc   ITAM in 
cytoplasmic α 
chain 

M, Mo, N, NK, 
DCs,  

Phagocytosis, 
Activation 

- 

FcγRIIIa IgG1 – 
IgG4  
Kd 10-7 – 
10-5 M 

Aglyco: - 

G0, G1 

G2 

G2S1/G2S2 

ITAM in 
common γ 
chain 

M, Mo, DCs, 
NK 

Phagocytosis 
ADCC, 
Activation 

mFcγRVI 

FcγRIIIb   ITAM in GPI 
anchor 

N, M, Mo, Ba, 
E(i) 

Decoy, 
Apoptosis, 
Activation 

- 

B: B cells, Ba: Basophils, DCs: dendritic cells, E: eosinophils, EC: endothelial cells (i): inducible, M: 
macrophages, MC: mast cells, Mo, monocytes, N: neutrophils, NK: NK cells, P: platelets 
ADCC: antibody-dependent cytotoxicity; Extracted from Abbas, Cellular and Molecular Immunology, 
Bournazos et al. 2016; Dashivets et al. 2015; Guilliams et al. 2014; Lu and Sun 2015; Lu et al. 2018 
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-no, : increased, : decreased, :  controversial binding of IgG1 Fc-glycan to the respective FcγR 
G0: agalactosylated; G1 monogalactosylated, G2: digalactosylated, S1: monosialylated, S2: disialylated; 
aglyco: no glycan 

 

2.6. Hypothesis 

Antigen presenting cells inform T cells about foreign or dangerous molecules using 

pattern recognition receptors such as lectin receptors. If these receptors recognize 

specific glycan structures, DCs can get activated and take up the antigen for processing 

in the MHC compartment. Depending on the glycosylation pattern specific LR are 

targeted. LRs differ in their capacity to shuttle their cargo. Hence, the glycosylation pattern 

of the glycoprotein determines whether an antigen is routed into the early or late 

endosome (Figure 7). This glycosylation-dependent antigen recognition affects the fate 

of the antigen for I) recycling or II) processing and degradation causing presentation to T 

cells (Figure 6).  

The hypothesis is that this mechanism is relevant for immunogenicity of therapeutic 

antibodies. Therapeutic antibodies bear glycan motifs such as terminal GlcNAc, high 

mannose and terminal galactose in the Fc that may serve as ligands for lectin receptors 

due to the glycan heterogeneity. CLRs that recognize these glycans and are expressed 

by DCs are: DC-SIGN, MR, DCIR, MGL and DC-ASGPR (see Table 4, Figure 7). If these 

these activating or inhibitory CLRs are triggered by the Fc glycan of the therapeutic 

antibody antigen recognition, uptake and presentation may be increased or decreased 

thus ultimately drive immunogenicity. 

FcγRs may be a second class of receptors that can contribute to glycosylation-dependent 

modulation of antigen presentation for therapeutic antibodies. Since the engagement of 

IgGs with FcγRs highly depends on its glycosylation pattern (see section 1.4.2 and 

section 2.5) it is here postulated that antibody glycosylation impacts antigen recognition 

and uptake by DCs involving these receptors. Antibody glycosylation-driven recognition 

of FcγRII, the main FcγR expressed by DCs, thus may determine the routing, processing 

and presentation, and DC activation state. 

A third class of receptors capable to recognize antibody glycans are Siglecs. Siglec 7, 

Siglec 9 and Siglec 10 are reported to recognize sialylated glycans as present in Fc 

glycans (see Table 5) and expressed by DCs. If these inhibitory Siglecs are targeted by 
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sialylated Fc glycans of therapeutic antibodies DC activation and antigen presentation 

may be dampened and thus cause tolerogenic responses
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Figure 7: Selection of LRs and FcγRs expressed by DCs as potential driver for glycosylation-mediated immunogenicity of therapeutic antibodies 

Upon recognition of antibody Fc N-glycans internalization and signaling is initiated depending on the targeted LRs/FcγR. Recognition by activating 
receptors FcγRIIa, MR and DC-SIGN initiates internalization and routing to the early (EE) or late endosome (LE) and subsequent T cell polarization 
favoring immunogenic responses. In contrast, recognition by inhibitory receptors (DCIR, Siglecs, FcγRIIb) triggers either internalization without 
shuttling into the degradative pathway i.e. protects from degradation or limits signals received from simultaneous stimulation of activating receptors 
overall causing tolerogenic responses. The Fc N-glycosylation pattern determines the net outcome of the LR/FcγR engagement. Preferred ligands 
for each receptor are depicted, glycans present in Fc N-glycosylation are highlighted in boxes
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3. Aim of the thesis 

The goal of this thesis is to provide new insights on the relevance of antibody glycosylation 

for antigen recognition and on immunogenicity. The hypothesis is that if certain glycan 

structures are present and accessible in the Fc of a therapeutic antibody, they could 

facilitate the recognition by antigen presenting cells via binding to LRs and/or FcγRs. If 

this is the case, the glycosylated antibody would be differentially internalized, routed, 

processed and presented on MHCII. Simultaneous stimulatory or inhibitory signals 

triggered by recognition of antibody glycans eventually provide the conditions required to 

activate or suppress cognate T cells. Once Th cell get activated, they could inform 

cognate B cells to differentiate to plasma cells that secrete anti-drug antibodies.  

Three key questions were addressed:  

1. Does antibody glycosylation increase immunogenicity? 

2. Does sialylation decrease immunogenicity? 

3. What is the mechanism? 

The therapeutic antibody rituximab (chimeric anti-CD20 hIgG1) was selected as a tool 

antibody because it stimulates immunogenicity in treated patients (Dunn et al. 2017; Mok 

2014; Wincup et al. 2019). An aglycosylated RTX (N297A) was compared with the 

inherently glycosylated RTX (WT) in order to probe whether glycosylation increases 

immune responses. In addition, glycosylation of RTX was engineered to contain mainly 

pre-mature high mannose glycans (thus called HiMan) or terminating in α2-6Neu5Ac 

(thus called HySi). It was investigated whether these HiMan and HySi modifications 

promote immunogenic or tolerogenic effects, respectively. In vitro experiments using 

human monocyte derived dendritic cells (moDCs) and T cells were conducted to 

investigate above hypothesis on the mechanism of glycosylation-related immunogenicity. 

Experiments covered glycosylation-dependent DC recognition and internalization upon 

LRs/FcγR/Siglec blockade, routing into to the endolysosomal compartment and T cell 

responses. Finally, the effect of antibody glycosylation on the humoral immune response 

was investigated in vivo in BALB/c mice. 
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Materials and Methods 

1. RTX glycovariants 

Rituximab is a chimeric m/hIgG1κ monoclonal antibody targeting human CD20. It is 

approved for the treatment of rheumatoid arthritis, systemic vasculitis and B cell 

lymphoma. It has been selected as tool antibody because it is associated with a high 

incidence of clinical immunogenicity up to 65 % (Dunn et al. 2017). 

Expression vector harboring heavy and light chain, neomycin resistance, and 

recombinant DHFR gene was constructed in GeneArt (Life Technologies). Rituximab 

glycovariants were expressed in CHO cell lines as summarized in Table 7 except for 

N297A which was produced in HEK293.  

Host CHO cell line was cultivated in a proprietary medium A in T-flasks and incubated at 

37°C and 5 % CO2. For the generation of the stable cell line, the host CHO cell line was 

transfected with the linearized mAb-expressing vector using Cell line Nucleofection kit V 

(Lonza) and Nucleofector™ 2b (Lonza) device, according to the manufacturer's protocol. 

After the transfection, the antibiotic selection was performed, followed by MTX 

amplification. Single-cell cloning was performed by limited dilution in 96-well plates with 

a proprietary medium B. Single cells were expanded and cultured in shake flasks with 

proprietary medium B. 

For HiMan, an α-mannosidase inhibitor I kifunensine (Sigma #K1150) was added at 5 µM 

at the start of the culture in order to inhibit N-glycan maturation. HySi was produced in a 

CHO cell line transfected with genes encoding β1-4galactosyltransferase, CMP-sialic 

acid transporter and α2-6-sialyltransferase. The antibodies were purified using Protein A 

chromatography followed by size-exclusion chromatography. For HySi, ConA purification 

was done to remove contaminations of high mannose glycans found after expression in 

CHO HySi cell line which has also been observed by others (Chung et al. 2020). 

The final material was tested for purity by SDS-polyacrylamide gel electrophoresis which 

shows purity above 95 % i.e. aggregates below 5 % (Table 7). The antibody sequence 

was verified by mass spectrometry. Aggregation was analyzed by size exclusion 

chromatography coupled with multi-angle light scattering detector (SEC-MALS). 

  



58 
 

 

Table 7: Overview of RTX glycovariant expression, purification and analytics 

2. Glycan analysis 

Glycan analysis for all glycovariants except for N297A was performed by LC-MS (liquid 

chromatography-mass spectrometry) by intact mass measurement after FabRICATOR 

(Genovis) or IdeS (streptococcal Ig-degrading enzyme) treatment of the antibody samples 

which generates F(ab`)2 and two Fc fragments by cleavage in the hinge region. 

FabRICATOR reduction was done by 1 h incubation of 1 µL of FabRICATOR (0.67 U/unit) 

per 2.5 µg of RTX which has been dried before using SpeedVac and re-suspended in 10 

µL PBS at 37°C. After FabRICATOR cleavage, reduction of disulfide bonds is performed 

by adding 40 µL of 8 M urea / 0.4 M NH4HCO3 and 2 µL of DTT 1 M and incubated at 

50°C for 30 min. Then 0.05 µg of the treated sample has been injected and analyzed by 

LC-MS. LC-MS analyses were performed using a SYNAPT G2S QTOF mass 

spectrometer (WATERS) coupled with an UPLC (ACQUITY I class, WATERS). A 

Bioresolve column (2.7 µm, 1×50 mm, WATERS) was used for mAb subunit (i.e. LC, Fd 

and Fc/2) separation. An elution gradient with mobile phase A (0.1 % formic acid in water) 

and mobile phase B (0.1 % formic acid in acetonitrile) was generated using the following 

program: 1) isocratic at 5 % B for 1.5 min; 2) linear gradient from 5 to 25 % B from 1.5 to 

2 min; 3) linear gradient from 25 to 50 % B from 2 to 12 min; 4) linear gradient from 50 to 

95 % B from 12 to 13 min; 5) isocratic at 95 % B from 13 to 15 min; 5) linear gradient from 

95 to 5 % B from 15 to 15.5 min; and finally 6) isocratic at 5 % B from 15.5 to 20 min. The 

mass spectrometer was working in positive resolution mode and calibrated with NaI 2 

mg/mL. MS trace was acquired at mass range m/z 600 – 4500, 1 sec scan time, 3 kV 

capillary voltage, 40 V cone voltage, 350 °C desolvation temperature and 50 L/h cone 

gas flow. In addition, a UV trace was acquired at a wavelength of 214 nm. 

Variant WT HiMan HySi N297A WT N297A 

Allotype G1m17,1 G1m3 

Cell line CHO-HPT1  
 

CHO-HPT1  
+ 
kifunensine 

CHO HySi HEK293-6E CHO K1PD 

Mode Stable clone Stable pool transient Stable pool 

Purification Prot A + prepSEC Prot A + ConA 
+ prepSEC 

Prot A + prepSEC 

Endotoxin 
(EU/mg) 

<0.07 <0.07 <0.25 <0.07 0.41 <0.295 

Aggregation 
(%) 

0.41 0.25 0 0.7 1.83 1.39 
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Co-eluted multiple charged Fc/2 glycoforms were combined and deconvoluted using 

MassLynx MaxEnt1 algorithm (WATERS) to obtain measured average masses.  

Attribution of the different glycoforms was done by measuring the difference between the 

calculated mass based on the amino acid sequence and the measured masses (Table 

8: MS based glycan attribution based on mass differences). The relative percentage of 

each glycoform has been calculated by using the intensity of each corresponding 

deconvoluted ion signal. 

Table 8: MS based glycan attribution based on mass differences  

Name (Oxford) Average Mass difference (Da) Structure 

M5 (M5) 1217.1  

G0F (FA2) 1445.3  

G1F (FA2G1) 1607.5  

G1FS1 (FA2G1S1) 1898.7  

G2F (FA2G2) 1769.6  

G2FS1 (FA2G2S1) 2060.9 
 

 

G2FS2 (FA2G2S2) 2352.1 
 

 

 

Sialic acid linkage analysis was conducted using sialidases specific for α2-3-linkage 

(Sialidase S from Prozyme and Sialexo 23 from Genovis). Sialic acid content of HySi did 

not decline after treatment with these α2-3-specific sialidases and confirms exclusive α2-

6 linkage of HySi sialoglycans. 

Glycan profiles for G1m17,1 allotype RTX glycovariants are depicted in Figure 8. The 

WT is characteristic of abundant fucosylated mono-galacto (G1F: 54.1 %), fucosylated 
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agalacto (G0F: 30.1 %) and fucosylated di-galacto (G2F: 14.1 %) species. The HiMan 

glycan profile is dominated by mannose 9 (M9: 74.3 %) and mannose 8 (M8: 21.6 %) 

species and minor mannose 7 (M7: 4.1 %) species. The HySi (total sialic acid: 89.7 %) 

accumulates fucosylated di-sialo-di-galacto (G2FS2: 41.6 %), fucosylated mono-sialo-di-

galacto (G2FS1: 34.3 %), fucosylated mono-sialo-mono-galacto (G1FS1: 11 %) and 

mono-sialo-di-galacto (G2S1: 2.9 %) species. Glycosylation analysis was also done for 

G1m3 allotype WT antibody and revealed an increased proportion of agalactosylated 

species G0F (51 %) compared to G1m17,1 allotype WT (30.1 %). 

  

Figure 8: Glycan profile RTX glycovariants G1m17,1 allotype 

Glycan profile for G1m17,1 allotype RTX glycovariants was determined by LC-MS (liquid chromatography 
coupled mass spectrometry) after IdeS (streptococcal Ig-degrading enzyme) reduction. Percentage of 
glycan species is reported in the table. 
M5 – M9: 5 – 9 mannose glycan (high mannose) 
G0F: fucosylated, agalactosylated complex type glycan 
G1F: fucosylated, mono-galactosylated complex type glycan 
G2F: fucosylated, di-galactosylated complex type glycan 
G1FS1: fucosylated, mono-galactosylated, mono-sialylated complex type glycan 
G2S1: di-galactosylated, mono-sialylated complex type glycan 
G2FS1: fucosylated, di-galactosylated, mono-sialylated complex type glycan 
G2FS2: fucosylated, di-galactosylated, di-sialylated complex type glycan 
WT: unmodified rituximab (RTX), HiMan, high mannose RTX, HySi: hypersialylated RTX 
GlcNAc: N-acetylglucosamine, Man: mannose, Gal: galactose, NeuAc: N-acetylneuraminic acid = Sia, Fuc: 
fucose 
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3. Lectin ELISA 

Lectin ELISA (enzyme-linked immunosorbent assay) was conducted to assess whether 

antibody Fc N-glycans are accessible to plant lectins. Coating of WT and N297A was 

done in 96 well plates (NUNC, Immunoplate Maxisorb) at 3 µg/mL followed by blockade 

with Carbo-Free blocking solution (Vectorlab, #SP-5040). Binding to biotinylated lectins 

(Rhicinus communis agglutinin, Sambucus nigra lectin, Concanavalin A,  Datura 

stramonium lectin, Aleuria Aurantia lectin all from Vectorlab) was assessed at 10 µg/mL 

in hepes-based buffer + 0.1 mM Ca2+ with (200 mM) or without inhibiting 

monosaccharides (L-fucose, D-galactose, α-methylmannoside, all from Vectorlab) and 

detected after incubation of HRP-conjugated streptavidin (Jackson Immunoresearch) and 

subsequent determination of TMB-derived colorimetric signal using a spectrophotometer 

(Spectramax, Molecular Devices) and reported as optical density (OD). 

4. Generation of immature DCs 

Monocytes were isolated from buffy coats (24 – 72h after collection) according to the 

manufacturer’s recommendation using the StraightFrom® Buffy Coat CD14 MicroBead Kit 

(Miltenyi, #130-114-976) on the MultiMACS™ Cell24 Separator Plus system (Miltenyi). 

CPD (Citrat-Phosphat-Dextrose) buffered buffy coats were collected from healthy 

humans by leukapheresis in the blood donation center Bern, Switzerland according to 

local ethical regulations. Monocyte purity was confirmed by flow cytometry (Attune NxT, 

Thermo ScientificTM) with >90 % CD14+ cells using the MACS Control MC CD14 

Monocyte Cocktail (Miltenyi, # 130-092-859, cocktail of CD45-VioBlue, CD15-APC and 

CD14-PE). Isolated monocytes were differentiated to immature dendritic cells (IDCs) in 

human Mo-DC Differentiation Medium (Miltenyi, #130-094-812) or in RPMI1640 (Gibco, 

#21875) + 10 % heat-inactivated FBS (Gibco) + 1mM Hepes (Gibco, #15630-056) + 1 

mM sodiumpyruvate (Gibco, # 11360070) + 1 x NEAA (non-essential amino acids, Gibco, 

#11140-050) + 1 % P/S (Gibco, #15070-063) + 1000 U IL-4 (Miltenyi, #130-093-924) + 

1000 U GM-CSF (Miltenyi, #130-093-868) for 5 – 6 days at 1 – 2.5 x 106 cells/mL, 37°C 

and 5 % CO2. Mo-DC Differentiation Medium was replenished on day 3 or 4. 

For some experiments, 0.1 – 10 nM Dexamethasone (Sigma, #D4902) was added during 

differentiation in order to modulate LR and FcgR expression. 
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5. Phenotypic characterization of IDCs 

Differentiation status and LR/FcgR expression was determined for each donor by flow 

cytometry (Attune NxT) using 1 x 105 IDCs per sample. Matched isotype controls were 

used to account for residual Fc-mediated binding of surface marker antibodies. Antibodies 

for CD206 (R&D, #MAB25342), DCIR (R&D, #MAB1748),  DC-SIGN (R&D, #MAB161), 

DEC-205 (R&D, #MAB20471), Siglec 7, (R&D, #MAB1138), FcgRI (Biolegend, #305016), 

FgRII (Biolegend, #557333), FcgRIII (Biolegend, #302014) were conjugated to Alexa 

Fluor 488 using the Antibody labeling kit AF488 from Thermo ScientificTM (#A20181). The 

labeling degree was evaluated on a Nanodrop 8000 Spectrophotomter (Thermo 

ScientificTM). Differentiation status was assessed by staining for CD11c (Beckman 

Coulter, #IM3707), CD14 (Beckman Coulter, #IM27074) and CD1a (Becton Dickinson, 

#559775). 

6. Internalization assay 

6.1. Indirect FACS assay 

IDCs (1.5 x 105 per sample) were incubated with 10 µg/mL unlabeled RTX glycovariants 

in binding buffer (HBS (Hepes buffered saline) + 1 mM CaCl2, 1 mM MgCl2, 1 mM MnCl2) 

at 4°C (for binding) or 37°C (for internalization) for 15, 30, 60 and 120 min. IDCs were 

washed to remove excess free RTX. Then, the residual amount of surface-bound RTX 

was detected using 10 µg/mL FITC-labelled anti-RTX (Biorad, # MCA2260F). After 

another wash step, stained IDCs were fixed (1 % paraformaldehyde) and measured on 

the Attune NxT flow cytometer. Staining of CD20+ Ramos cells was performed initially to 

confirm that the indirect staining protocol is valid and that RTX glycovariants bind equally 

to CD20. 

For inhibition experiments, IDCs were pre-incubated for 30 min at 4°C with the respective 

blocking agents anti-CD32 F(ab`)2 (Ancell, #181-520), Fc blocking reagent (Miltenyi, 

#120-000-442) and Mannan (Sigma, #M7504-250) before addition of unlabeled RTX 

glycovariants. 

The difference of the 4° and 37°C fluorescence signal was calculated and scaled using 

the plogis() function in R and expressed as percentage of internalization. 
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6.2. IncuCyte® Internalization Assay 

An orthogonal method to measure internalization by IDCs was established using the 

IncuCyte® Live cell Image Analyser (Sartorius). The principle is based on the detection of 

intracellular fluorescence signals resulting from internalization of fluorochrome-labeled 

RTX glycovariants. Fluorochrome conjugation was done using the Antibody labeling kit 

AF647 from Thermo ScientificTM (#A20186) according to the manufacturer’s protocol. The 

labeling degree for all RTX glycovaraints was comparable with 5 – 6 mole AF647 per 

mole RTX as determined by absorption at 280 nm and at 650 nm on the Nanodrop 

(Thermo ScientificTM). 

IDCs were seeded into a transparent flat bottom 96 well plate (Nunc, #3595) at 1 x 

105/well/100 µL in Mo-DC Differentiation Medium (Miltenyi, #130-094-812) and incubated 

over night at 37°C and 5 % CO2. LPS (Sigma, #) was added at 0.1 µg/mL and 1.0 µg/mL 

to IDCs seeded over night for some experiments to assess glycosylation-dependent 

internalization of mature DCs. On the next day, the medium was replaced by medium 

(RPMI1640 + 1mM Hepes + 1 mM sodiumpyruvate + 1 mM NEAA + 1 mM MgCl2+ 1 mM 

CaCl2 + 1 mM MnCl2) containing 10 µg/mL AF647-conjugated RTX glycovariant after the 

plate was kept for 10 min in the fridge. After 30 min incubation in the fridge, the 

supernatant was replaced by warm medium (RPMI1640 + 1mM Hepes + 1 mM 

sodiumpyruvate + 1 mM Glutamax + 1 mM NEAA) and placed immediately into the 

IncuCyte analyser. Images were acquired at 20x magnification every 20 min for the first 

5 h and every hour for up to 24 h. 

Inhibition experiments included an intermittent incubation step in the fridge for 30 min 

before addition of RTX fluorochrome conjugates. Following inhibitors were tested: rhu 

(recombinant human) Siglec 7 (Biorbyt, #orb428446), rhu DC-SIGN (R&D, #9136-DC), 

rhu MR (R&D, #2534-MR/CF), Mannan (Sigma, #M7504-250), methylmannoside 

(Vectorlab, #S-9005). 

Internalization was determined from quantification of intracellular fluorescence. Hereto, 

masks were created on phase and fluorescent objects using the Basic analyzer mode to 

capture IDCs and internalized RTX, respectively. Integrated Intensity (RCU x µm2) per 

well was reported. 
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7. Confocal imaging 

In order to determine into which intracellular compartment RTX is routed after 

internalization confocal laser scanning microscopy was utilized. IDCs were seeded at 3 x 

105 cells in 300 µL Mo-DC Differentiation Medium (Miltenyi, #130-094-812) per chamber 

of an 8 well chamber slide (Corning, #354108) and incubated over night at 37°C and 5 % 

CO2. On the next day, medium was replaced by binding buffer (HBS + 1 mM CaCl2, 1 mM 

MgCl2, 1 mM MnCl2) containing 20 µg/mL AF647-conjugates of RTX glycovariants and 

incubated for 120 min at 4°C (fridge) and 37°C and 5 % CO2. IDCs were fixed (4 % 

paraformaldehyde) and permeabilized (0.1 % Triton X-100 in PBS). After a blocking step 

with 2 % BSA in PBS IDCs were incubated with marker antibodies for LAMP-1 (Sigma, 

#L1418), EEA1 (Abcam, #ab109110) and Rab7 (Abcam, #ab137029) followed by the 

secondary donkey anti-rabbit-AF488 (LifeTech, #A-21206 1:1000 dilution). DAPI (4′,6-

diamidino-2-phenylindole) was added as nuclear stain. Stained IDCs were mounted in 

FluoSafe reagent (Calbiochem, # 345789) and covered with a glass slide. Cured slides 

were imaged on an Olympus FV3000 at 40x magnification. 

Quantification of internalized RTX was done using HALOTM image analysis software 

(Akoya Biosciences). 

8. T cell assay 

PBMCs (peripheral blood mononuclear cells) were isolated from buffy coats donated by 

naїve human subjects at blood donation center in Bern according to local ethical 

practices. Briefly, 1:2 PBS-diluted buffy coats were added to LeucosepTM tubes (Greiner, 

#227289) containing Biocoll (Biochrome, #L6115). The white PBMC layer was collected 

after density gradient centrifugation for 15 min at 980 g without brake. PBMCs were 

washed (centrifugation at 360 g, 4°C 15 min), platelets removed by centrifugation at 200 

g for 10 min at 4°C. Isolated PBMCs were stained with 5 µM CellTraceTM Violet (CTVio, 

LifeTech, #C34557) for 20 min in a water bath (37°C). Excess CTVio was removed after 

5 min (RT) incubation of CTVio-incorporated cells with platelet-free autologous plasma 

by centrifugation at 360 g for 5 min. CTVio-negative PBMCs were used as control for 

compensation and as FMO (fluorescence minus one) control. CTVio+ PBMCs were 

seeded at 1 x 106 cells/mL into 24 well plates (Nunc, #142475) in X-Vivo (Lonza, #BE02-

060F) + 5 % platelet-free autologous plasma and stimulated (primed) with 1 and 10 µg/mL 

of the respective RTX glycovariant, 5 - 30 µg/mL KLH (keyhole limpet hemocyanin, 
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Thermo ScientificTM, #77600), 0.5 µg/mL Tetanus toxoid (TT, Enzo, #ALX-630-108) or 

medium for 5 days. An aliquot of the buffy coat was used to isolate monocytes and 

differentiate to IDCs as described in Method section 4. On day 5, DC-PBMC co-culture 

(1:10) was re-stimulated (challenged) with 1 and 10 µg/mL RTX glycovariants, 5 - 30 

µg/mL KLH, 0.5 µg/mL TT or medium and incubated for 4 additional days in presence of 

5 U/mL IL-2 (Roche, #11011456001). On day 9, stimulated cells were harvested and 

stained with the surface markers CD3 (Beckman Coulter, #A07749), CD4 (Becton 

Dickinson, #560158), CD25 (Becton Dickinson, #555434), CD137 (ebioscience, #12-

1379-42) including a viability dye (Zombie aqua, Biolegend, #423102). Stained cells were 

measured on the Attune NxT flow cytometer using constant volumetric stop condition for 

all samples. FMO controls were used to discriminate between positive and negative 

population. Count of proliferating and activated Th cells were determined at priming and 

challenging and expressed as stimulation index (SI) indicating the challenge response 

relative to the priming response. Donors showing an SI above 1.5 were assigned as T 

cell responders. 

9. Immunogenicity to RTX in mice 

9.1. Study design 

Animal studies were performed according to the federal and cantonal law of Switzerland 

and under licenses approved by the Cantonal Veterinary Office of Basel Stadt, Switzerland. 

Three different studies were conducted. In the first study (strain comparison), a protocol 

suitable to induce a robust immune response to RTX was established where C57BL/6 and 

BALB/c mice were compared. In the 2nd study (IG study) glycosylation-related 

immunogenicity was assessed in BALB/c mice.  In the last study (IG study with adjuvant), 

immunizations of BALB/c mice were performed in conjunction with the adjuvant alum to 

assess glycosylation-dependent ex vivo recall CD4+ T cell responses. 

Strain comparison study:  

Male BALB/c mice (BALB/cAnNCrl, from Charles River) and male C57BL/6J (from 

Jackson Laboratory) with an age of 10 weeks and 10 animals per group were dosed 

subcutaneously (2 x next to the inguinal region of the abdomen) twice weekly 8 x on D1, 

D4, D8, D11, D15, D18, D22 and D55 with 0.5 mg/kg of RTX glycovariants or vehicle 

control (PBS). IG samples were collected prior the start of the study on -D7, pre-dose on 

D11, D15, D18, D22, D55 and at necropsy on D60. PK samples were collected prior the 
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start of the study on -D7 and on D55 (4h post dose). Hereto, whole blood was collected 

from the sapheneous vein into serum separation tubes and stored at room temperature 

for at least 30 min. After 10 min centrifugation at ~2,000 x g, serum was collected and 

frozen at -80 C.  

IG study: 

Male BALB/c mice (BALB/cAnNCrl, from Charles River, age of 9 weeks, 10 animals per 

group) were dosed subcutaneously (2 x next to the inguinal region of the abdomen) twice 

weekly 6 x on D1, D4, D8, D11, D15 and D18 with 0.5 mg/kg of RTX glycovariants or 

vehicle control (PBS). IG samples were collected prior the start of the study on -D13 and 

pre-dose on D4, D8, D11, D15 and D18. PK samples and samples for cytokine 

measurement were collected prior the start of the study on -D13 and 4h post-dose on 

D18. 

IG study with adjuvant: 

Male BALB/c mice (BALB/cAnNCrl, from Charles River, age of 10 weeks, 5 animals per 

group) were dosed subcutaneously (2 x next to the inguinal region of the abdomen) once 

weekly 3 x on D1, D8 and D15 with 0.5 mg/kg of RTX WT + Allhydrogel® (Invivogen, #vac-

alu-250) or vehicle control (PBS) + Allhydrogel®. Alum adsorption was done freshly on 

dosing day by 5 min incubation after 1:2 dilution of 0.05 mg/mL RTX in PBS in 10 mg/mL 

Allhydrogel. IG samples were collected prior the start of the study on -D9 and pre-dose 

on D8 and D15. Spleen was collected after necropsy (sacrificed by CO2 inhalation) on 

D16, weighted and placed into 50 mL vials containing 1 mL sterile medium L-15 + 10% 

FBS + 2 mM EDTA (Gibco, #15575020). 

9.2. IG multiplex assay 

Anti-RTX antibodies were measured using an ECL (electrochemiluminescence) based 

method on the MSD (Meso Scale Discovery®) platform. Using multispot plates coated 

with the four different RTX glycovariants (spot 8: WT, spot 1: N297A, spot 10: HiMan, 

spot 3: HySi) it was possible to measure potential glycovariant-specific mouse anti-RTX 

in one assay (Figure 10A). Biotinylated RTX glycovariants were conjugated with spot-

specific linkers (U-PLEX Linker Set 4-Assay 1 - 3 - 8 – 10, # N05229A-1) and coated (1 

µg/mL) onto blocked (Blocking buffer: PBS + 0.05 % Tween 20 + 3 % BSA) MSD U-PLEX 

4-Assay plates (#MESOK15229N-2). Plates were washed 3 x with PBS + 0.05 % Tween 
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20 and incubated for 1.5h at RT with mouse IG serum samples previously diluted 1:100 

in Low cross buffer strong (LCB, Candor, # 102500). An anti-human IgG mouse IgG1 

(R10Z8E9, produced in house) spiked into a mouse serum pool and diluted 1:100 in LCB 

strong was used as positive control at 0.1 and 10 µg/mL. Mouse serum pool diluted 1:100 

dilution in LCB strong served as blank sample. Washed plates were incubated for 1h at 

RT with 0.02 µg/mL of a sulfo- or Ruthenium-tagged Fc-specific goat anti-mouse IgG 

(Sigma, #M4280) in LCB strong buffer. Finally, 2x Read buffer (MSD, # R92TC-3) was 

added to washed plates and incubated for 5 min before the plates were measured on the 

MSD S600 reader. The runs were accepted if the coefficient of variation (%CV) for the 

mean on duplicates was ≤ 30 % for positive controls, blank and IG samples. ECL signals 

were reported as anti-RTX IgG. A sample was considered as anti-RTX-positive if the ECL 

signal was above the 3 fold of the pre-dose median ECL signal across groups. 

Figure 9 compares ECL signals from all 4 spots and shows that all RTX glycovariants 

were equally recognized by glycovariant-specific mouse anti-RTX confirming equivalent 

sensitivity and specificity for all RTX glycovariants. Thus, ECL signals from only one spot, 

i.e. spot 8 coated with the WT, were reported. 
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Figure 9: RTX glycovariants are equally recognized by glycosylation-specific mouse anti-RTX IgGs  

IG serum samples (D18) from BALB/c mice immunized RTX glycovariants (Group) were assessed for its 
ability to bind to each RTX glycovariant (Coating). Glycosylation-specific mouse anti-RTX bind equally 
(identical specificity and sensitivity) to RTX glycovariants i.e. mouse ADA form animals immunized with 
N297A are equally recognized by N297A, WT, HiMan and HySi. 

9.3. PK assay 

RTX mouse serum concentrations were measured using an ECL 

(electrochemiluminescence) based sequential bridging assay on the MSD (Meso Scale 

Discovery®) platform (Figure 10B). The same goat anti-human IgG served as capture 

and detection antibody but was biotinylated (Southern Biotech, # 2049-08) as the capture 

reagent and sulfo-taged (Southern Biotech, # 2049-01) as detection agent. For the assay, 

blocked (blocking buffer: PBS + 0.05 % Tween 20 + 3 % BSA) MSD Streptavidin plates 

(#L15SA-1) were coated with 1 µg/mL biotinylated goat anti-human IgG. Plates were 

washed 3 x with PBS + 0.05 % Tween 20. Post-dose mouse PK serum samples were 

diluted 1:20 in mouse serum pool while pre-dose samples not. Then, serum samples were 

diluted 1:100 in LCB strong, added to the coated, washed MSD plate and incubated for 

1.5h at RT. RTX WT was spiked to a mouse serum pool at concentrations from 10 to 

5000 ng/mL and diluted 1:100 in LCB strong to generate 8 standard samples. Blanks 

were generated by 1:100 dilution in LCB strong of mouse serum pool. Assay controls 

(quality control, QCs) included independently prepared RTX WT spike samples in the 

high (2000 ng/mL), medium (400 ng/mL) and low (50 ng/mL) range of the standard curve. 
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Washed plates were incubated for 1h at RT with 0.2 µg/mL of the sulfo-tagged goat anti-

human IgG in LCB strong buffer. Finally, 2x Read buffer (MSD, #R92TC-3) was added to 

washed plates and incubated for 5 min before the plates were measured on the MSD 

S600 reader. RTX serum concentrations were extrapolated from ECL signals using the 

fitted (4PL, weighting factor 1/Y2) standard curve. The runs were accepted if 6 of 8 

standards were found within 80 – 120 % of the expected concentration, if all QCs were 

found within 75 – 125 % of the expected concentration and if the coefficient of variation 

(%CV) for the mean on duplicates was ≤ 25%. 

 

Figure 10: IG and PK assay principle 

A: IG multispot assay; B: PK ECL bridging assay 

9.4. Cytokine determination 

Cytokine concentrations (CD40L, GM-CSF, IL-1, IL-4, IL-5, IL-6, IL-10, IL-12p70, IL-13, 

IL-15, IL-17A, IL17E/IL-25, IL-17F, IL-21, IL-22, IL-23, IL-27, IL-28B, IL-31, IL-33, MIP-

3α, IL-1β, IFNγ, TNFα and TNFβ) in mouse serum samples were measured using a 25-

plex magnetic bead Milliplex MAP Kit (Millipore, #MT17MAG47K-PX25) on a Luminex 

MapPix instrument according to the manufacturer`s protocol. 
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9.5. Ex vivo recall assay 

Ex vivo recall was done with splenocytes isolated from animals immunized with RTX WT 

or with vehicle adsorbed in alum. Splenocytes from all animals collected at necropsy on 

D16 were isolated and processed into single cells and passed through a 40 um strain. 

Erythrocytes were lysed for 5 min at 4°C in red blood cell lysing buffer (Sigma, #R7757). 

Isolated splenocytes were labeled with 0.5 µM CTVio (Thermo ScientificTM, #C34557) at 

37°C for 20 min. Free CTVio was captured by incubation with FBS for 5 min at RTX.  After 

a final washing step CTVio+ splenocytes were seeded into 96 well plates (Costar, #3595) 

at 3 x 105 cells per well in X-Vivo (Lonza, #BE02-053Q) + 2 % Albumax (Gibco, #2117995) 

+ 1 mM Hepes (Gibco, #15630-056) + 1 mM sodiumpyruvate (Gibco, #11360-070) + 1 x 

NEAA (Gibco, #11140-050) + 50 µM freshly added β-mercaptoethanol (Gibco, #31350-

010). This serum-free medium has been determined as most optimal for stimulation of 

RTX-specific T cell responses from immunized mice in the ex vivo recall assay in 

preliminary experiments. Of note, no RTX-specific CD4+ T cell responses could be 

stimulated if done in medium containing FBS. Ex vivo recall was done with 1 and 10 

µg/mL RTX glycovariants, medium or 1 µg/mL ConA (Sigma, # C5275) as positive control  

added on day 1 and  day 4 (72 h). On day 6, cells were harvested and stained with surface 

marker antibodies for CD3 (Becton Dickinson, #553240), CD4 (ebioscience, #15-0041-

83), CD25 (BD, #553072) and a viability dye (Lifetech, #L10119). CD4+ T proliferation 

and activation was be measured on the Attune NxT flow cytometer. 

10.  Data analysis 

All statistics and graphs were conducted in R Core Team (2020). R: A language and 

environment for statistical computing. R Foundation for Statistical Computing, Vienna, 

Austria. ISBN 3-900051-07-0, URL http://www.R-project.org/.  Graphs were drawn using 

ggplot2 package. Statistical analysis was performed using statsr- and DescTools-, 

normality test using car-, multiple comparison statistical tests using ggpubr-, p-values 

added to graphs using ggsignif- and tables created  with flextable-package. 

Two group means were compared using the t-test if data were normally distributed 

(t.test()). Multiple comparison of means was done by One-way ANOVA Tukey’s honest 

significant differences (Tukey HSD, aov(), TukeyHSD()) if data were normally distributed 

(shapiro.test() of residuals) and homoscedastic (equal variance, leveneTest()).   If data 

were not normally distributed and heteroscedastic Kruskal Wallis chi-squared 
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(kruskal.test()) test was conducted to test whether group means are significantly different. 

A pairwise Wilcoxon signed rank test (pairwise.wilcox.test() with Benjamin Hochberg 

correction (to control false discovery rate (Jafari and Ansari-Pour 2019)) was 

subsequently conducted to test which groups are significantly different.
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Results 

1. RTX glycosylation modulates recognition by human IDCs  

1.1. Fc N-glycans are accessible to lectins 

Fc-associated oligosaccharides were claimed to be buried in the Fc part of the antibody 

(Deisenhofer 1981; Zhou and Qiu 2018). Therefore it was speculated that these glycans 

may not be recognized by carbohydrate-specific binding proteins (lectins) (Millward et al. 

2008). Meanwhile, researchers demonstrated that lectin microarrays can be used to 

profile the glycosylation pattern of therapeutic antibodies such as evacizumab (Avastin®), 

trastuzumab (Herceptin®), adalimumab (Humira®), infliximab (Remicade®), and 

omalizumab (Xolair®), including rituximab (Rituxan®) which all bear solely Fc glycans 

(Zhang et al., 2016), thereby invalidating the claim that Fc glycans are inaccessible. 

In order to confirm Fc glycan accessibility for the in-house produced tool antibody 

rituximab, a Lectin ELISA was conducted. For this purpose, lectins that could theoretically 

recognize RTX Fc N-glycans were selected: AAL (Aleuria aurantia lectin) for recognition 

of the core α1-6fucose (Fukumori et al. 1990), RCA-I (Rhicinus communis agglutinin) for 

non-reducing terminal Galβ1–4GlcNAc (Wu et al. 2006), SNA (Sambucus nigra 

agglutinin) for Neu5Acα2-6Gal (Shibuya et al. 1987), ConA (Concanavalin A) for the tri-

mannose core Manα1-6(Manα1-3)Man (Naismith and Field 1996) and DSA (Daturia 

stramonium agglutinin) for GlcNAcβ1-4 (Crowley et al. 1984) (Figure 11A). Binding of the 

glycosylated RTX (WT) to these biotinylated lectins was compared with that of the 

aglycosylated RTX (N297A) as a negative control (Figure 11B). 

Binding could be observed to AAL, RCA and ConA because of the increased signal for 

the WT relative to the N297A. Further, the specificity of the binding was confirmed for 

RCA and ConA because respective soluble ligands suppressed the WT-derived signal 

(Figure 11C).  

The data show that galactose and mannose structures present in the Fc N-glycan of RTX 

are accessible and may therefore be recognized by lectin receptors expressed by antigen 

presenting cells. Interaction with sialic acid could not be detected because this 

carbohydrate is not present in the glycan of the WT. 
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Figure 11: RTX Fc N-glycans can be recognized by lectins. 

A: Theoretical lectin recognition motifs on RTX Fc N-glycans; AAL: Aleuria aurantia lectin (specific to core 
fucose), ConA: Concanavalin A (specific to Manα1-6(Manα1-3)Man), DSA: Datura stramonium agglutinin 
(specific to GlcNAcβ1-4), RCA: Rhicinus communis agglutinin (specific to Galβ1–4GlcNAc), SNA: 
Sambucus nigra lectin (specific to Neu5Acα2-6Gal); B: Binding of biotinylated lectins to RTX Fc N-glycans 
was assessed by ELISA: -Lec: Control, C: Competition ELISA with Fucose (Fuc) for AAL, Methylmannoside 
(MM) for ConA, Galactose (Gal) for RCA; mean of duplicates, error bars: SD
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1.2. Glycosylation facilitates binding and internalization by IDCs 

In order to address the question whether Fc N-glycans of RTX can be recognized by lectin 

receptors, binding and internalization was assessed on immature dendritic cells (IDCs) 

using a FACS-based assay as described in section 6.1. Glycosylation-dependency was 

assessed by comparing the WT (glycosylated) with the N297A (aglycosylated). The WT 

showed increased binding over time (as measured at 4°C) while the N297A did not 

(Figure 12A). At 37°C the amount of surface-bound RTX, as detected with the secondary 

FITC-labelled anti-RTX, decreased over time for the WT indicating internalization. The 

difference in the binding signal at 4°C and the residual binding signal at 37°C was then 

expressed as internalization. Accordingly, internalization was higher for WT (median 

internalization = 89.1 %) relative to N297A (median internalization = 31 %) (Figure 12B).  

Initial experiments were performed using a G1m3 Fc allotype of RTX. Since the marketed 

RTX (MabThera®) constitutes the G1m17,1 allotype (Jefferis and Lefranc 2009), as the 

majority of therapeutic antibodies (Tatarewicz et al. 2012), glycovariants of RTX were 

generated in this new allotype. Figure 3C shows that also with the G1m17,1 allotype 

internalization of the WT was greater (median internalization = 3.6 %) than of the N297A 

(median internalization = 1.8 %). Interestingly, regardless of glycosylation, the G1m3 

allotype showed stronger internalization by IDCs than the G1m17,1 allotype. This 

observation may be explained because the G1m17,1 allotype is reported to bind stronger 

to FcRn than the G1m3 allotype (Ternant et al. 2016). The G1m17,1 allotype may 

therefore be preferentially transported back to the cell surface and result in a lower 

internalization rate compared to G1m3 allotype RTX. 

In summary, these data demonstrate that glycosylation facilitates recognition by IDCs 

regardless of the allotype. 
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Figure 12: Internalization of RTX variants by IDCs measured by indirect FACS method 

A: Kinetic of Internalization by viable IDCs at 4°C (Binding), 37°C (Internalization) and for Delta of 4°C and 
37°C after 15 min, 30 min, 60 min and 120 min in one donor for unmodified (WT) and aglycosylated (N297A) 
RTX and the medium control (Med); B: DC-internalization of WT and N297A of G1m3 allotype at 60 min 
(normalized from Delta 4°C and 37°C of % RTX on viable IDCs, n = 9 human donors, statistical analysis 
conducted by Kruskal-Wallis chi-squared test; C: Internalization of WT, N297A, mannosylated (HiMan) and 
hypersialylated (HySi) RTX of G1m17.1 allotype at 60 min, n = 6 human donors; D: Binding of RTX 
glycovariants to CD20-positive Ramos cells



76 
 

1.3. Mannosylation increases, sialylation decreases internalization by IDCs 

The next question was whether glycan modification on therapeutic antibodies affects the 

recognition and internalization by IDCs. Therefore, the glycosylation of RTX was changed 

to alter the interaction with activating or inhibitory lectin receptors by mannosylation and 

hypersialylation, respectively. Mannosylation of RTX clearly increased the recognition 

and internalization (median internalization = 84.6 %) compared to the WT (median 

internalization = 3.6 %). Contrary, hypersialylation of RTX (median internalization = 0.2 %) 

decreased the recognition and internalization compared to the WT (Figure 12C). 

Altered glycosylation did not affect Fab-mediated binding to the target receptor CD20 

because all RTX glycovariants showed equal binding to CD20+ Ramos cells (Figure 

12D). 

In summary, the data show that recognition by IDCs can be impacted by modifying RTX 

glycosylation. 
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1.4. Mannosylation increases, sialylation decreases routing of RTX into 

degradative endolysosomal pathway 

Results from the FACS-based internalization assay indicate only residual RTX cell 

surface binding. In order to prove that RTX is taken up into the cell, binding and 

internalization of fluorochrome-labelled RTX glycovariants by IDCs was assessed with 

confocal microscopy. Confocal images taken from IDCs incubated at 4°C show that RTX 

is solely localized at the cell surface characteristic of the expected ring structure of the 

fluorescence signal (Figure 13A). At 37°C RTX-derived fluorescence was detected in the 

cytoplasm adjacent to the nucleus (stained with DAPI) and not on the surface anymore 

(Figure 13B). 

   

Figure 13: Binding and internalization of RTX glycovariants detected by confocal microscopy 

Images (40x) of IDCs from one human donor after A: binding of AF647-conjugated RTX glycocovariants 
(red) at 4°C and B: internalization of AF647-conjugated RTX glycocovariants (red) at 37°C; nuclear stain: 
DAPI (blue), C: Quantification of intracellular RTX staining from confocal images as shown in B after DC 
uptake of RTX glycovariants at 37°C calculated with HALOTM image analysis software (Akoya 
Biosciences®), n = 3 images per variant. 
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The glycosylation-dependent binding and internalization pattern of RTX observed by 

FACS could be recapitulated: Aglycosylated RTX revealed lower binding and 

internalization relative to the WT, mannosylated RTX revealed strongest binding and 

internalization (Figure 13C). Interestingly the hypersialylated RTX showed a strong 

binding signal at 4°C comparable to that of mannosylated RTX. However, at 37°C only 

very weak internalization was detected for HySi. This observation suggests that the HySi 

is recognized by a different lectin receptor than the mannosylated RTX. This unknown 

receptor seems to cause a strong interaction but does not result in internalization of bound 

ligands and may therefore exert an inhibitory function. 

 

Figure 14: Internalization and co-localization of RTX glycovariants with endolysosomal markers 

Images (40x) of IDCs from one human donor after internalization of AF647-conjugated RTX glycocovariants 

(red) co-localized with marker antibodies (green) for A: Lamp1 (lysosome), B: EEA1 (early endosome) or 

C: Rab7 (late endosome) detected by confocal microscopy 
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Next, the effect of RTX glycosylation on the endosomal routing was assessed. For this, 

IDCs were stained with the lysosomal marker LAMP-1 after internalization of 

fluorochrome-labelled RTX. RTX was detected in lysosomal compartments and this effect 

was strongly associated with the glycosylation-pattern (Figure 14A). Consistent with the 

strongest internalization of mannosylated RTX, this glycovariant caused most prominent 

routing into the lysosome. In contrast, hypersialylated RTX demonstrated weak or no 

detectable co-localization with the lysosome. The N297A showed similar or slightly higher 

co-localization with LAMP-1. In addition to LAMP-1, EEA1 and Rab7 were used as 

markers to assess potential glycosylation-related differences in the routing into the early 

and late endosome, respectively. Clear co-localization with both markers was detected 

for HiMan, weak co-localization for WT and N297A with slightly stronger co-localization 

for N297A, and almost no detectable co-localization for HySi (Figure 14B and Figure 

14C). At the tested time point (2 h) co-localization of mannosylated RTX with the early 

endosome seemed to prevail. For the other glycovariants a difference in routing into either 

the early or late endosome could not be observed. 

In summary, the data show that RTX glycosylation determines the pattern of surface 

binding and intracellular uptake by IDCs. In addition, it was shown that mannosylation 

increases and hypersialylation decreases routing of RTX into the degradative pathway.

 

1.5. IncuCyte internalization assay confirms effect of mannose and sialic acid on 

glycosylation-dependent uptake of RTX by IDCs 

The FACS-based internalization assay does not allow an easy capture of the 

internalization over time. In addition, internalization can only be determined indirectly from 

the loss of surface-bound RTX at 37°C. Therefore, an alternative method was established 

based on real-time imaging with the IncuCyte analyzer. Results obtained from the indirect 

FACS assay and the IncuCyte assay in the same donor were similar (Figure 15A). 

Therefore, all next internalization experiments were conducted using this new assay with 

the advantage of achieving better kinetic measurements, and internalization being directly 

detectable and quantifiable from an increase of fluorescence signals within the cell using 

fluorochrome-labelled antigens. Measuring the glycosylation-dependent internalization of 

RTX by IDCs with the IncuCyte assay confirmed that mannosylation increased and 

hypersialylation decreased internalization (Figure 15B) at all measured time points. 
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Different to previous results the N297A showed in median a higher internalization than 

the WT. Nevertheless, some donors presented the previous pattern with an increased 

internalization of the WT over the N297A (Figure 15D). 

Kinetic differences can be observed if the slopes for each glycovariants are compared. 

The slope is a measure to indicate the internalization rate per time unit. HiMan exerted 

the highest slope (0.273), followed by N297A (0.06) and WT (0.04). HySi revealed the 

lowest slope (0.02). Thus, HiMan shows the highest while HySi the lowest internalization 

rate/speed. 

 

Figure 15: Differentiations status of IDCs and impact on internalization of RTX glycovariants 

A: Comparison of RTX glycovariant internalization by IDCs from one human donor measured by indirect 
FACS assay and IncuCyte; B: Kinetic of internalization of RTX glycovariants by IDCs using the IncuCyte 
Real Time Imager (median from 25 human donors, Median Intensity: fluorescence signal derived from 
AF647-labelled RTX glycovariants indicating internalization); C: Representative images of internalization of 
AF647-labelled RTX glycovariants from a donor with increased internalization of N297A over WT or from a 
donor with increased internalization of WT over N297A at 3h time point; D: Differentiation status of same 
donors was determined as percentage of residual monocytes (CD14+CD11c+), of total DCs (CD14-CD11c+) 
and CD1a+ DCs , a) subset with high CD1a expression, b) subset with low CD1a expression; E: Donor were 
split into two subsets based on WT vs N297A internalization pattern: a: increased internalization of N297A 
over WT (median of 15 donors), b: increased or similar internalization of WT over N297A (median of 10 
donors); F: Association analysis of glycosylation-dependent internalization by IDCs with CD1a expression 
on IDCs, r: correlation coefficient
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1.6. Association of glycosylation-dependent uptake of RTX with IDC phenotype 

1.6.1. Differentiation status 

A possible reason that some donors showed increased internalization of WT over N297A 

and others decreased internalization of N297A over WT could be the IDC phenotype. 

Donors were split into two subsets: subset a presenting a stronger median internalization 

of the N297A over the WT and subset b presenting a weaker internalization of the N297A 

over the WT (Figure 15E). In the majority of donors, cells were highly differentiated as 

determined with > 90 % of total IDCs (CD14-CD11c+) and a low spread (Figure 15D). 

Accordingly, the median percentage of total IDCs was similar for subset a (91.8 %) and 

subset b (95.5 %). An additional DC marker, CD1a, was included in the differentiation 

marker panel. CD1a expression on IDCs was highly variable with a bimodal distribution 

(Figure 15C). Interestingly, the subset a showed higher median CD1a expression on 

IDCs (62.1 %) than subset b (38.1 %). CD1a- DCs are described to exert higher 

internalization capacity compared to CD1a+ DCs (Gogolak et al. 2006). In line with this 

reported negative association of internalization with CD1a expression, subset b (lower 

CD1a expression) showed stronger internalization of HiMan than subset a (higher CD1a 

expression) (Figure 15E). However, no clear association between internalization and 

CD1a expression on IDCs could be established (Figure 15F). Therefore, the variability in 

CD1a expression did not provide an explanation for the observed donor-dependent 

discrepancy in internalization of WT relative to N297A.

 

1.6.2. Lectin receptor and FcγR expression 

Uptake of extracellular components into the cell can occur through receptor-independent 

or receptor-dependent mechanisms (Ritchie et al. 2013). For the latter, lectin receptors, 

specialized to recognize carbohydrate structures on pathogens but also on self-proteins 

(García-Vallejo and Van Kooyk 2009), are known to internalize glycosylated antigens 

(Streng-Ouwehand et al. 2016). FcγR facilitate uptake of bound IgG via the Fc (Baker et 

al. 2014). This FcγR Fc interaction is largely affected by the Fc-glycosylation (Bournazos 

et al. 2016). Therefore, these receptors may drive or contribute to the glycosylation-

dependent internalization observed for RTX. Expression of relevant lectin receptors (as 

described in the introduction and methods) and the three main FcγRs (FcγRI, FcγRII and 

FcγRIII) was determined along with internalization of RTX glycovariants on IDCs from the 
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same donor set (Figure 16A and Figure 16B). Lectin and FcγR expression were highly 

variable except for CD64, DEC-205 and DC-SIGN. CD64 and DEC-205 expression was 

low (median % frequency: 1 % and 0.18 %, respectively), DC-SIGN expression was high 

(median % frequency: 95.4 %) as reported in the literature (Boruchov et al. 2005; 

Engering et al. 2002). Similarly, glycosylation-dependent internalization varied (Figure 

16B). The relationship between glycosylation-dependent internalization and lectin/FcγR 

expression on IDCs was assessed (Figure 16C). Overall, association between 

internalization and LR/FcγR expression was moderate. Nevertheless, correlation 

coefficients were higher if RTX carried glycans (WT, HiMan or HySi) and lower if RTX 

lacked glycans (N297A), as shown for correlations between internalization and 

expression of CD32, CD64, CD206, DC-SIGN and Siglec 7 

 

 

Figure 16: Correlation of LR and FcγR receptor expression and glycosylation-dependent internalization of 
RTX 

A: Lectin receptor and FcγR expression determined on IDCs from 15 human donors; B: Internalization of 
RTX glycovariants measured by IncuCyte at 2h in the same human donor set, statistical analysis performed 
by pairwise Wilcox test; C: Correlation matrix with correlation coefficients (Pearson) displaying the 
relationship between LR and FcγR expression and internalization of RTX glycovariants (red box) 

To probe this relationship further, monocytes were differentiated to IDCs in presence of 

0.1 nM – 10 nM Dexamethasone. Dexamethasone is reported to upregulate CD206 on 

IDCs and enhance endocytosis through this receptor if added during differentiation 
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(Piemonti et al. 1999a). Figure 17A shows that Dexamethasone induced upregulation of 

CD16, CD206 and Siglec 7 peaking at 1 nM, of CD32 peaking at 10 nM but 

downregulation of DC-SIGN and DCIR plunging at 10 nM. Dexamethasone also affected 

differentiation of IDCs as described before (Piemonti et al. 1999b). At 0.1 nM 

Dexamethasone IDCs were well differentiated but at higher concentrations differentiation 

from monocytes to DCs was gradually suppressed (Figure 17B). Eventually, 

Dexamathasone-treated IDCs showed slightly increased internalization at 0.1 nM 

regardless of glycosylation. However, at concentrations above 0.1 nM internalization of 

WT, HiMan and HySi changed while that of N297A remained constant (Figure 17C). This 

glycosylation-restricted effect of Dexamethasone on internalization was further 

corroborated because internalization was weakly associated with Dexamethasone-

mediated change in expression of CD206, DC-SIGN and Siglec 7 only if RTX is 

glycosylated i.e. for WT, HiMan and HySi and not if RTX is aglycosylated (Figure 17D).  

Altogether, the data suggest that the endocytosis mechanism is determined by presence 

or absence of glycosylation meaning that aglycosylated RTX may be internalized in a 

receptor-independent manner while glycosylated RTX may be internalized in a receptor-

dependent manner. 
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Figure 17: Dexamethasone-mediated change in LR receptor expression affects internalization of RTX 
variants 

A: FcγR and lectin receptor expression (% Frequency and geometric mean of fluorescence intensity) on 
human IDCs generated from monocytes differentiated in presence of 1000 U IL-4/GM-CSF + 0.1 – 10 nM 
Dexamethasone, n = 4; B: Differentiation status of Dexamethasone-treated IDCs from same donor set; C: 
Internalization (expressed as fold change of fluorescence intensity to control = 0 nM Dexamethasone) of 
RTX glycovariants by Dexamethasone-treated IDCs at 2h time point in same donor set, n = 3; D: Correlation 
matrix with correlation coefficients (Pearson) displaying the relationship between internalization of RTX 
glycovariants and LR & FcγR expression of Dexamethasone-treated IDCs,  red boxes indicate receptors 
with weak association 
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1.6.3. Effect of LR blockade on glycosylation-dependent uptake by IDCs 

In order to prove that lectin and/or FcγR receptors mediate internalization of RTX 

glycovariants, internalization was assessed in presence of receptor ligands or 

recombinant proteins as blocking agents. Pre-incubation with full length IgG completely 

abrogated internalization of WT and HiMan (Figure 18A). Full blockade is expected 

because full length IgG provide Fc N-glycan structures that can compete with 

glycosylated RTX for FcγRs and lectin receptors. To assess the role of CD32 for 

internalization, the main FcγR expressed by IDCs (Bournazos et al. 2016), a CD32-

targeting F(ab)`2, was used which facilitates blockade in a glycosylation-independent 

manner because of the lacking Fc and its glycan. A role of CD32 in internalization of WT 

and HiMan could be demonstrated because internalization was attenuated with 

increasing concentration (Figure 18B). Because CD32-blockade only partially blocked 

internalization, other receptors such as lectin receptors may drive receptor-dependent 

internalization. Indeed, if IDCs were pre-incubated with Mannan, a multivalent ligand of 

Mannose-binding lectins receptors (Vendele et al. 2020), blockade of internalization was 

most prominent for mannosylated RTX and least prominent for aglycosylated RTX 

(Figure 18C).  Methylmannoside, a monomeric mannose-analogue, was also able to 

suppress internalization of HiMan and WT but only moderately compared to Mannan 

(Figure 18D), likely because of the lacking multivalence (Mitchell et al. 2001).
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Figure 18: Effect of LR & FcγR-blockade on uptake of RTX glycovariants by IDCs 

Internalization of RTX glycovariants by IDCs determined by indirect FACS assay at 60 min in presence of A: full-length IgG or B: CD32-directed 
F(ab)`2 at 5 – 20 ug/mL; Inhibition of internalization of RTX glycovariants determined by the IncuCyte real time imager assay at 3h in 
presence/absence of C: 5 mg/mL Mannan, D: 5 mg/mL methylmannoside, E: 20 ug/mL recombinant human Siglec 7, F: 20 ug/mL recombinant 
human DC-SIGN or 20 ug/mL recombinant human CD206 (=MR). Wo block: no ligand/recombinant receptor added, block: ligand or recombinant 
receptor added; numbers in the plots indicate p-values obtained from Tukey HSD 



 
 

87 
 

Next, IDCs were pre-incubated with recombinant lectin receptors. Recombinant human 

DC-SIGN or CD206 did not exhibit any effect on internalization (Figure 18F). Therefore, 

it could not be demonstrated that mannosylated RTX is recognized by these receptors, 

albeit mannosylated glycan structures were ascribed to recognition and internalization by 

IDCs. Siglec 7, as potential lectin receptor to recognize Neu5Acα2-6Galβ1-4GlcNAc 

containing sialoglycans (Nicoll et al. 1999, Angata and Varki 2000), was blocked by pre-

incubation with its recombinant human protein. Indeed, internalization of HySi was 

attenuated in presence of recombinant huSiglec 7 (Figure 18E). Internalization of WT 

was also slightly decreased by Siglec 7 blockade, albeit weaker than that of HySi. This 

inhibition cannot be attributed to sialoglycans because the WT does not contain such 

glycans. 

In summary, these data show that internalization of glycosylated RTX is partially driven 

by CD32. Recognition of mannosylated RTX is glycosylation-specific. Siglec 7 seems to 

be important for recognition of hypersialylated RTX. 

 

1.6.4. Internalization by mature DCs 

Finally, the effect of glycosylation on internalization by mature DCs was assessed. DC 

maturation was achieved by overnight stimulation with 0.1 and 1 g/mL LPS. As expected 

(Platt et al. 2010), mature DCs internalized less efficiently compared to immature DCs 

(Figure 19A). Since uptake was suppressed for all RTX glycovariants an effect of 

glycosylation for recognition by mature DCs could not be demonstrated (Figure 19A and 

Figure 19B). 
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Figure 19: Internalization of RTX glycovariants by mature DCs 

A: Internalization of RTX glycovariants by immature (0 g/mL) and mature DCs (0.1 and 1 µg/mL LPS) was 
assessed by the IncuCyte internalization assay for up to 5h (Median fluorescence intensity from 3 human 
donors); B: Same data set at 2h time point expressed as fold change of fluorescence intensity to immature 
DCs, dashed line: immature DCs
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2. RTX glycosylation modulates recognition by human T cells 

2.1. Mannosylation increases T cell activation 

The next question was whether glycosylation-mediated effects on internalization 

observed for RTX implicate T cell activation. Therefore, internalization was investigated 

along with T cell activation in the same donor set (naive donors). T cell stimulations were 

done at 10 g/mL, the same concentration as applied for the internalization assay. Count 

of proliferating and activated Th cells were determined at priming and challenging and 

expressed as stimulation index (SI) indicating the challenge response relative to the 

priming response. Donors showing an SI above 1.5 were assigned as T cell responders. 

Five of 16 (31 %) donors showed a WT-specific response (Figure 20B & Figure 20C). 

Mannosylated RTX mounted an increased T cell response compared to WT with 7 

responders of 16 tested donors (43 %). Hypersialylated RTX mounted a slightly 

decreased T cell response compared to WT with 4 responders of 16 tested donors (25 %). 

Of note, counts of proliferating CD25+ Th cells were remarkably lower if T cells were 

primed and challenged with HySi compared to all other RTX glycovariants (Figure 20A 

and Figure 20G). Unexpectedly, aglycosylated RTX demonstrated similar or slightly 

higher T cell activation compared to mannosylated RTX (47 %). Donors were dissected 

in WT responder (Figure 20D). None of the WT responder was reactive to hypersialylated 

RTX (Figure 20D), while few WT responders were reactive to HiMan and N297A. The 

positive control tetanus toxoid (TT) induced strong T cell activation (determined as CD25 

upregulation) and proliferation indicating a good assay performance (Figure 20E). 

In summary, these data hint that T cell responses can be enhanced or dampened if the 

glycosylation pattern is modified. While mannosylation enhances T cell responses 

compared to WT, hypersialylated RTX is not recognized by WT responder T cells and 

suggests that sialylation of RTX does either cause less efficient antigen presentation, 

does not provide co-stimulatory signals to activate pre-existing WT-reactive T cells or/and 

promotes polarization to Tregs. 

. 
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Figure 20: T cell response to RTX glycovariants 

A: Count of proliferating and CD25+ Th cells determined from PBMCs of 16 human naive donors primed 
and challenged with of each the RTX glycovariant (10 µg/mL); B: Stimulation indices calculated as ratio 
induced by the challenge relative to the prime response; C: Response index for T cell assay in the same 
donor set, responding donor: donor with stimulation index above 1.5 (dashed line); D: SI for WT responders; 
E: Count of proliferating and CD25+ Th cells induced by medium, KLH (5 µg/mL) or TT (0.5 µg/mL) for all 
tested donors; F: representative dot plots from one donor; G: Representative dot plots of proliferating CD25+ 
Th cells with (+) or without (-) challenge (=prime response) from one human donor

2.2. Internalization and T cell activation are weakly associated with each other if 

RTX is mannosylated 

In order to determine whether internalization and T cell activation are dependent, both 

measures were compared (Figure 21E). Hereto, internalization assay and T cell assay 

was conducted with DCs from the same donor. Apart from the aglycosylated RTX, 

glycosylation-dependent T cell responses (Figure 21B) were concordant with 

glycosylation-dependent internalization (Figure 21A). However, weak association of 

internalization with T cell activation could only be observed for the HiMan (r = 0.47) but 

not for the WT (r = -0.035) (Figure 21E). Although CD1a expression did not seem to have 

an effect on internalization, it may affect T cell response because high CD1a expression 

on IDCs resulted in high T cell activation for the HiMan (Figure 21F). The relevance of 

this observation remains unclear because CD1a is a molecule that presents glycolipids 

or metabolites and not peptides to NKT cells (Mori et al. 2016). However, CD1a+ dermal 
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DCs were reported to be more potent T cell stimulators compared to CD1a- dermal DCs 

(Angel et al. 2006). 

In summary, these data suggest that increased DC internalization caused by 

mannosylation of RTX can lead to increased recognition and activation by T cells. For 

other glycosylation patterns or lacking glycosylation, T cell response did not seem to 

depend on internalization. 

 

 

Figure 21: Internalization of RTX glycovariants and impact on T cell response 

Internalization and T cell response was assessed in the same donor set (n = 16) A: Kinetic of internalization 
of RTX glycovariants by IDCs using the IncuCyte Real Time Imager (median from 16 human donors, Median 
Intensity: fluorescence signal derived from AF647-labelled RTX glycovariants indicating internalization); B: 
Internalization of RTX glycovariants measured at 2h in the same human donor set, statistical analysis 
performed by pairwise Wilcox test; C: Response index for T cell assay in the same donor set, responding 
donor: donor with stimulation index above 1.5 (dashed line); D: Stimulation index calculated as ratio of the 
challenge relative to the prime response with the respective RTX glycovariant; E: Linear regression analysis 
for DC-internalization and T cell response induced by RTX glycovariants; F: Linear regression analysis for 
CD1a expression on IDCs and T cell response; r = correlation coefficient

2.3. Glycosylation co-determines T cell recognition 

In order to assess whether RTX glycovariants share T cell determinants, T cell responses 

induced by the glycovariants were measured relative to the prime response induced by 
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the WT (Figure 22A and Figure 22B). Three of 10 naive human donors showed a WT-

specific response. The mannosylated RTX was able to re-stimulate T cells primed with 

the WT (2 of 10 donors, 20 %). Donors were dissected in WT responder and non-WT 

responders (Figure 22C). None of the WT responders was reactive to hypersialylated 

RTX or aglycosylated RTX. The lacking T cell reactivity for HySi and N297A to the WT 

suggests that HySi and N297A possess T cell determinants different from the WT. Since 

some WT responders were reactive to HiMan, this glycovariant seems to share 

determinants with the WT. Non-WT responders could not be re-stimulated with any of the 

glycovariant and confirms that the detected T cell responses are specific to the WT. Taken 

together, these data imply that glycosylation may co-determine T cell recognition. 

 

Figure 22: Effect of glycosylation on T cell recognition 

A: Count of proliferating and CD25+ Th cells was determined from PBMCs of 10 human naive donors primed 

with WT and challenged with RTX glycovariants (10 g/mL); B: Stimulation indices calculated as ratio 
induced by the challenge relative to the priming response; C: Tested naive human donors (n = 10) were 
split into WT and non-WT responders
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3. RTX glycosylation modulates the immune response and clearance in mice 

3.1. Mannosylation increases the humoral immune response in BALB/c mice 

Utilizing aforementioned in vitro approach it was possible to assess the influence of RTX 

glycosylation on the uptake, routing and presentation by antigen presenting cells and on 

the recognition by T cells, i.e. on human T cell immunogenicity. In order to understand 

whether changes in glycosylation affect B cell responses or humoral responses, in vivo 

experiments in BALB/c mice were conducted. In a preliminary study BALB/c and C57BL/6 

mice were compared to identify a suitable strain that mounts a robust antibody response 

to RTX. BALB/c mice were shown to be more sensitive to immunization with RTX than 

C57BL/6 mice (Figure 23A). Therefore, this strain has been chosen to assess 

glycosylation-dependent immunogenicity to RTX.  

 

Figure 23: RTX glycosylation impacts B cell immunogenicity in BALB/c mice 

Anti-RTX antibodies (ADAs) of IgG isotype determined in serum of A: C57BL/6 or BALB/c mice collected 
on D-13 (pre) and before s.c. injection of 0.5 mg/kg RTX WT or vehicle control (Control) on D11, D15, D18, 
D22, D55 and D60 or B: BALB/c mice collected on D-13 (pre) and before s.c. injection of 0.5 mg/kg RTX 
glycovariants or vehicle control (Control) on D4, D8, D11, D15 and D18, n = 10; C: Response index for 
BALB/c mice immunized with RTX glycovariants or vehicle control (identical study as B) determined as 
percentage of animals with anti-RTX antibodies (3 fold above the pre-dose median electro-
chemiluminescence signal across groups); D: ADAs after 3 doses of RTX glycovariants (D8); E: ADAs after 
6 doses of RTX glycovariants (D18); statistical analysis performed by pairwise Wilcox test 
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Anti-RTX antibodies (IgG isotype) were determined at baseline (D-13) and before each 

dose (except before the 1st dose on D1). Until D4 (after the 2nd dose), none of the animals 

had detectable ADAs (Figure 23B). On D8 (3rd dose), ADAs were detected in 2 of 10 

animals dosed with the WT, but not in animals dosed with other RTX glycovariants. On 

D15 (5th dose), the majority of animals (6/10) dosed with the WT mounted a response. 

On D18 (6th dose), this response slightly dropped (4/10). Compared to the WT, HiMan 

induced a higher ADA response on D11, D15 and D18 (significantly higher, Figure 23B, 

Figure 23C, Figure 23D). In contrast, the N297A induced a weaker ADA response on 

D11 (significantly lower, Figure 23D), D15 and D18 (Figure 23B, Figure 23C, Figure 

23E) compared to the WT. The ADA profile of HySi was comparable to the WT (Figure 

23B, Figure 23C, Figure 23D, Figure 23E). 

These data show, that changes in RTX glycosylation impact the humoral response i.e. 

the B cell immunogenicity. Importantly as observed in vitro using human DCs, 

mannosylation of RTX increased the immune response to RTX in BALB/c mice. Contrary 

to human in vitro results, lack of RTX glycosylation decreased while hypersialylation of 

RTX did not change the immune response to RTX in BALB/c mice. 

3.2. Mannosylation increases T cell activation in an ex vivo recall assay 

The next question was whether the glycosylation-dependent humoral response could be 

recapitulated in a Th cell response in mice. Therefore, BALB/c mice were immunized with 

3 doses of WT in conjunction with the adjuvant alum. In the previous study, conducted to 

measure immunogenicity in response to RTX glycovariants, it was not possible to induce 

a RTX-specific T cell recall. Therefore, the adjuvant alum was used in this study to 

maximize the immune response to RTX. ADAs were measured to demonstrate that this 

new immunization protocol worked. Four of 5 animals had detectable ADAs on D15 after 

3 injections of WT. No animal had ADAs at any time point in the control group (Figure 

24A). The response to the WT could be increased from 60 % as observed in the previous 

study to 80 % by the use of the adjuvant alum (Figure 24B) with 3 instead of 6 injections.  

To assess glycosylation-dependent T cell responses, immune cells were isolated from 

spleens of WT and control (adjuvant only) animals and used in an ex vivo recall assay. 

Count of proliferating and activated Th cells after stimulation with the RTX-glycovariants 

were determined relative to the medium control after two ex vivo challenges and 

expressed as stimulation index. The positive control ConA induced strong activation and 
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proliferation of Th cells in 4 of 5 animals in the control (median SI = 11.4) and the 

treatment group (median SI = 31.7, Figure 24C, 14D). The WT demonstrated a T cell 

response in 3 of 4 animals above the SI threshold of 1.5 (median SI = 2.4). The response 

was specific to RTX because no T cell response could be recalled in control animals 

immunized with adjuvant only (Figure 24C). The HiMan showed a slightly higher (median 

SI = 2.6) and the N297A a lower (median SI = 1.7) T cell response compared to the WT. 

The response to the HySi was between that observed for WT and N297A (median SI = 

2.0). The T cell recall responses induced by RTX glycovariants were not significantly 

different likely because of the small group size. Nevertheless, the results from the ex vivo 

recall assay recapitulate the humoral glycosylation-dependent response pattern (HiMan 

> WT ~ HySi > N297A). In addition, these data indicate that humoral responses are T cell 

dependent.

 

Figure 24: RTX glycosylation impacts T cell immunogenicity in BALB/c mice 

BALB/c mice were immunized by s.c. injection of 0.5 mg/kg RTX WT + alum or alum only (Control). A: anti-
RTX antibodies (ADAs) of IgG isotype determined in serum collected on D-13 (pre) and pre-dose on D8 
and D15; Data from A and Figure 23B expressed as response index determined as percentage of animals 
with anti-RTX antibodies (3 fold above the pre-dose median electrochemiluminescence signal across 
groups); C: Th cell activation and proliferation in the control group (alum) after ex vivo recall of splenocytes 
with 1 µg/mL WT or 1 µg/mL ConA; D: Th cell activation and proliferation in the treatment group (immunized 
with RTX WT) after ex vivo recall of splenocytes with 1 µg/mL of RTX glycovariant or 1 µg/mL ConA; 
stimulation index (SI) calculated as ratio of the treatment (WT or ConA) to medium response, dashed line: 
response threshold at SI of 1.5

 

3.3. Mannosylation increases RTX clearance in BALB/c mice 

In order to demonstrate that all animals in the treatment groups were exposed to RTX, 

serum concentrations of RTX were determined at baseline (-D13) and 4h post-dose on 

D1 and D18. As expected, RTX could be detected post-dose in serum of all animals in 

RTX glycovariant treatment groups and not in the control group animals (Figure 25A). 
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Figure 25: RTX glycosylation impacts clearance in BALB/c mice 

BALB/c mice received 6 s.c. injections of 0.5 mg/kg RTX glycovariants or vehicle (Control) on D1, D4, D8, 
D15 and D18. A: Serum RTX concentrations on D-13 (pre), 4h post-dose on D1 and D18, n = 10; B 
Regression analysis on the relationship of immunogenicity (anti-RTX antibodies) and exposure (serum 
RTX); C: Serum RTX after 1 dose at D1 4h; D: Serum RTX after 6 doses on D18 4h; statistical analysis 
performed by pairwise Wilcox test 

Furthermore, the aim was to assess the effect of RTX glycosylation on the clearance of 

RTX. Such association of clearance with glycosylation has been described in the literature 

(Higel et al. 2019; Liming 2015; Luo et al. 2017; Ryman and Meibohm 2017). On average, 

RTX levels were remarkably higher after 6 doses (D18) than after one dose (D1) but not 

in all animals and not for the HiMan group (Figure 25A). The reduced exposure on D18 

relative to D1 observed in a fraction of animals and in the HiMan group may be explained 

by the presence of anti-drug antibodies. Therefore, the relationship between 

immunogenicity (anti-RTX antibodies) and RTX exposure was assessed (Figure 25B). 

Animals with high immunogenicity presented low exposure (r = -0.81). This negative 

association is well known and caused by clearance of protein-ADA immune complexes 

by the reticuloendothelial system (Chirmule et al. 2012; Kamath et al. 2016; Smith et al. 



 
 

97 
 

2016) or by the inability to detect RTX complexed by ADAs in the PK assay. This means 

that the significantly reduced exposure observed for HiMan relative to WT on D18 (Figure 

25D) is attributed to ADAs and not to direct effects of glycosylation on the clearance. For 

this reason, it is only possible to assess glycosylation-related effects on clearance on D1, 

when no ADAs have formed yet. Interestingly on D1, a significantly decreased exposure 

could only be observed for the HySi (median exposure = 396 ng/mL) while the exposure 

of N297A (median exposure = 676 ng/mL) or of HiMan was not significantly changed, 

(Figure 25C), albeit that of HiMan (median exposure = 582 ng/mL) was slightly lower 

relative to WT (median exposure = 701 ng/mL). 

Taken together, these data show that glycosylation impacts the clearance of RTX in 

BALB/c mice. Hypersialylation and mannosylation of RTX increased the clearance. The 

effect of hypersialylation on the clearance seems to be transient because it was not 

detected at the end of the study anymore. If glycosylation is absent the clearance is not 

affected. 

3.4. RTX glycovariants evoke specific cytokine response pattern 

Cytokines are soluble proteins that transport a message from one cell to another e.g. from 

DCs to T cells. By this means they can hugely affect the action and function of a cell i.e. 

cause differentiation and polarization. Certain types of cytokines are characteristic of a 

specific immune pathway such as T cell differentiation. Therefore, various cytokines 

covering TH1/Th2/Th17/Th21 differentiation pathway were determined in the serum of mice 

immunized with the different RTX glycovariants pre-dose, on D1 and D18 4h post dose.   

A specific cytokine pattern was observed for animals immunized with different RTX 

glycovariants (Figure 26). Significantly increased levels relative to pre-dose were 

detected in animals immunized with HiMan for IL-28B on D1 and for TNFα, IL-6 and IL-

21 on D18; for IFNγ, IL-17A and IL-4 on D1 and D18 immunized with the WT; for IL-5 (D1 

& D18) and IL-22 (D18) immunized with HySi.  In addition, the regulatory T cell cytokine 

IL-10 was significantly elevated on D18 as the only cytokine that was stimulated by the 

aglycosylated RTX but also by WT and HySi while not by HiMan. No changes were 

detected for IL-2, GM-CSF, MIP-3α, IL-1β, IL-27, IL-23, IL-12p70, IL-13, IL-15, IL-17A, IL-

17F, IL-31, IL-33, TNF and CD40L.  
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These data suggest that each glycovariant induced a specific cytokine response pattern 

supporting a distinct T cell polarization. HiMan stimulated a TFH/TH1 (T follicular helper) 

response (as detected by high IL-21, high IL-6 and low TNFα). HySi induced a TH2 

dominant response (indicated by high IL-5, low IL-22 and low IL-10). WT induced an 

assortment of TH1/TH2/TH17 responses (indicated by high IFNγ, high IL4, high IL-17A and 

low IL-10). Contrary, N297A caused a response solely characteristic of the regulatory 

type as indicated by IL-10 without any other significant cytokine involvement. 

 

Figure 26: RTX glycosylation impacts cytokine response pattern in BALB/c mice 

Fold changes in serum cytokines determined on D1 and D18 4h post dose in BALB/c mice immunized by 
bi-weekly s.c. injections of 0.5 mg/kg RTX glycovariants relative to pre-dose 
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Discussion 

1. Mechanistic aspects of glycosylation-related recognition of RTX by DCs 

Glycosylation-dependent recognition by DCs 

The current work provides new insights on the glycosylation-dependent recognition of 

antibody Fc glycans by human DCs. Using RTX as a tool antibody it could be shown that 

the Fc glycan is important for recognition by DCs because the glycosylated RTX binds to 

DCs while the aglycosylated RTX does not (Figure 12, Figure 13, Figure 14). In addition, 

this work shows that glycosylation-dependent recognition of RTX is facilitated by DC-

associated receptors. Lectin receptors are potential candidate receptors because they 

recognize carbohydrates. Some of the glycan recognition motifs reported for these lectin 

receptors (see Figure 7, Table 4) are present on Fc N-glycans, hence may be recognized 

by LRs. 

Glycosylation-dependent binding and internalization has been shown previously, for 

example, for the model antigen OVA (Kreer 2016; Lam et al. 2007). In these studies, 

mannosylated OVA was compared with deglycosylated OVA for uptake by murine 

BMDCs to establish glycosylation-dependent effects. 

The aglycosylated RTX did not bind to DCs yet was internalized to a low extent. Thus, it 

is concluded that uptake is mediated in a receptor-independent i.e. by constitutive 

macropinocytosis (“cell drinking”). Because macropinocytosis is a less efficient DC uptake 

mechanism it explains why less RTX is internalized by DCs if glycans are missing. In 

contrast if RTX is glycosylated, DC uptake seems to be dominated by the more efficient 

process of receptor-mediated endocytosis as facilitated by LRs and FcγRs. 

It is well known that recognition by FcγRs is highly dependent on Fc glycosylation. 

Aglycosylated antibodies lack and changes in Fc glycosylation (galactosylation, 

mannosylation, sialylation, fucosylation) alter FcγR binding. Hence it is possible that the 

observed difference between the glycosylated and aglycosylated RTX is ascribable to 

FcγR binding. Albeit Fc N-glycans participate in FcγR binding by glycan-glycan 

interactions (Ferrara et al. 2011; Mizushima et al. 2011), the main function of antibody 

glycans is to stabilize the Fc conformation in the CH2 region (Feige et al. 2009; Radaev 

et al. 2001) which favors FcγR binding. Therefore, Fc glycans rather indirectly contribute 
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to FcγR binding i.e. not by direct glycan-protein interactions. Not only FcγRs mediate the 

binding of RTX because binding and internalization was only partially suppressed upon 

CD32-blockade. CD32 or FcγRII is the main FcγR receptor expressed by IDCs. As FcγRI 

and FcγRIII expression is negligibly low, these receptors are not considered as relevant 

for uptake of RTX. In contrast, the expression of LRs such as DC-SIGN, MR, DCIR and 

Siglec 7 by IDCs was abundant. Thus, it possible that these carbohydrate specific LRs 

are involved in the recognition of Fc N-glycans. 

Glycan accessibility and recognition characteristics 

It could be demonstrated that Fc N-glycans are accessible for recognition because WT 

RTX bound to galactose- and tri-mannose core-specific lectins (Figure 11). Plant lectins 

as used in the lectin ELISA may differ in their CRDs from CLRs in their requirement for 

spatial and distant arrangement of their glycan ligand. Nevertheless, it may be possible 

that myeloid CLRs are capable to recognize Fc N-glycans. CLRs usually recognize 

terminal monosaccharides. However, exceptions from this rule exist e.g. for DC-SIGN 

which recognizes non-terminal mannose residues within the tri-mannose core of the outer 

oligo-mannose branch (Feinberg et al. 2007; Feinberg et al. 2001; Guo et al. 2004). In 

addition, glycan recognition by CRD domains often involves underlying glycan 

monosaccharide(s) to form secondary bonds that stabilize the primary interaction with the 

terminal monosaccharide thus increasing the affinity (Lee 2011). Hence, non-terminal 

glycans can be involved in CRD binding but usually show much lower affinities compared 

to the primary contact monosaccharide. 

Possible terminal monosaccharides present in the Fc N-glycan are galactose and GlcNAc 

in the WT, mannose in the HiMan and Neu5Ac in the HySi which could be recognized by 

DC-associated lectin receptors if they possess the respective glycan-specificity (Figure 

7, Table 4). Of note, the fucose which is present in the WT and HySi cannot be recognized 

because it is not located at terminal position but at the core, thus called core fucose. CLRs 

can be classified according to their carbohydrate recognition domain into CLRs with the 

EPN or the QPD tri-peptide motif. The majority of the CLRs (e.g. DC-SIGN, MR, DCIR) 

carry the EPN/EPS motif which allows binding of mannose, GlcNAc, fucose and glucose. 

The QPD motif attributes to recognition of galactose or GalNAc and is present in DC-

ASGPR and MGL (Drickamer 1992; Engering et al. 1997; Lee et al. 2010). Nevertheless, 

each CLR has unique binding preferences and affinities to glycans which results from the 
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composition of the CDR adjacent to the tri-peptide motif, the associated folding, the ability 

to cluster the CRD in multimeric arrangement (such as for DC-SIGN) and/or the presence 

of multiple CRDs within one receptor (such as for MR). Since DCs express multiple CLRs 

it is likely that the receptor which yields the highest affinity/avidity will dominate 

recognition of Fc N-glycans. Based on the reported ligand preferences (Figure 7,Table 

4) it is possible that the WT is recognized by DCIR, MGL and DC-ASGPR, the HiMan by 

DC-SIGN and MR, the HySi by Siglec 7/9/10 and DCIR. 

It would be interesting to test glycosylation-specific recognition of RTX by the 

aforementioned LRs in an ELISA or lectin receptor microarray. From such experiments 

one could conclude which exact receptor can be bound by RTX Fc glycans which is not 

possible when using DCs that express multiple of these receptors. However, the 

recombinant lectin receptors used in these assays usually do not possess the natural 

glycosylation pattern as if expressed on DCs. Since the glycan recognition by these 

receptors highly depends on their glycosylation (Bloem et al. 2013; Su et al. 2005) results 

from such assays may not be fully informative. In addition, multimerization of LRs is 

required in order to facilitate high affinity binding. The spatial requirement for clustering 

may not be adequately simulated in ELISA or microarrays. Therefore, such experiments 

were not conducted. 

The tri-mannose core within the complex type glycan of RTX glycovariants cannot be 

recognized by DC-associated lectin receptors. However, the WT RTX contains low 

percentage (1.7 %) of M7 high mannose (Figure 8) which presents terminal and outer tri-

branched mannose repeats and may facilitate the binding of MR and DC-SIGN. The 

HiMan RTX was engineered to accumulate 100 % premature M7/M8/M9 glycoforms and 

therefore displays multiple mannose molecules in the spatial and distant arrangement 

required for efficient binding to CLRs such as MR or DC-SIGN. Common to all 

carbohydrate protein interactions is that affinity increases as valence increases. The 

galactose terminating Fc glycan of the WT contains a mixture of no galactose (G0), 

monovalent galactose (G1) or bi-valent galactose (G2) glycans. Accordingly, it is 

expected that the bi-valent form is stronger recognized by galactose-specific CLRs such 

as MGL and DC-ASGPR than the monovalent form. Bi-valency may be even the 

prerequisite to facilitate interaction and functional activity as demonstrated for the fungus 

lectin CNL (Clitocybe nebularis lectin) (Pohleven 2012). One would need to use pure 
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glycovariants of G0, G1 and G2 in order to assess the anticipated requirement of 

terminating bi-valent glycans to engage DC-associated LRs. The aim of the work was to 

demonstrate that Fc N-glycans can modulate recognition by DCs. Therefore, such pure 

mono and bi-valent glycans were not generated. However, it would be of high value to 

further investigate how glycans would need to be arranged exactly to recognize myeloid 

CLRs. 

The two antennas of the complex type N-glycan can be built up by linkage to the 3-OH 

and the 6-OH of the inner mannose creating the 3-arm and the 6 arm, respectively (Figure 

4). It may be possible that the glycans of both arms are not equally accessible i.e. one 

arm preferred over the other. In that case, bi-valent interaction would probably not be 

favored. Furthermore, N-glycans that possess galactose and/or Neu5Ac extensions in the 

non-preferred arm may not be recognized. In the context of FcγR recognition, there is 

evidence that a selective mono-galactosylation of the 6-arm (as observed for naturally 

occurring human IgG) can greatly increase the Fc CH2-domain stability (Wormald et al. 

1997), thus enhance ADCC and CDC activity resulting from an increased affinity to 

FcγRIIa/IIIa and C1q (Aoyama et al. 2019). Interestingly, 6-arm mono-galactosylation 

showed equal effector function as di-galactosylation while that of 3-arm mono-

galactosylation was comparably low as agalactosylation. Similarly, if the 6-arm GlcNAc is 

absent such as in hybrid or high mannose type glycans the CH2-domain stability is 

reduced because of the lacking interaction of GlcNAc with the amino acids from the CH2 

domain (Fang et al. 2016). For the same accessibility reasons, α2-6-sialyltransferase 

preferentially conjugates to the solvent-exposed 3-arm (Barb et al. 2009) which is not 

affecting the CH2 domain stability. If the 6-arm is sialylated it will likely cause a 

destabilizing effect because the galactose/Glc-mediated interaction of the 6-arm glycan 

with the peptide frame would be diminished (Zhang et al. 2019). All these data suggest 

that 6-arm glycans have stabilizing effects because they interact with the Fc-peptide 

backbone thus affecting the Fc conformation. Albeit these 6-arm protein-glycan 

interactions are important to stabilize FcγR/C1q binding, it seems that 6-arm glycans are 

less accessible. Contrary, 3-arm glycans seem to be more accessible because they are 

flexibly pointing away from the Fc backbone. Another evidence that 3- and 6-arm glycans 

differ in their accessibility is the ability to separate 3-arm from 6-arm sialoglycans based 

on hydrophilic interaction liquid chromatography (HILIC) (Zhao et al. 2016). 
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The HILIC method has not been applied to profile the glycosylation pattern of RTX 

glycovariants. Therefore, it is unknown whether mono-galactosylated (G1F) or mono-

sialylated (G1FS1, G2FS1) species are present on the 3- or the 6-arm. These 

considerations are important because WT and HySi contain a substantial amount of 

mono-galactosylated (54.1 %) or mono-sialylated species (47.2 %) (Figure 8). However, 

because of the reported selective arm conjugation for ST6 (Barb 2010) and GalT 

(Wormald 1997) it may be speculated that the HySi displays mono-sialylation on the 3-

arm and the WT displays mono-galactosylation on the 6-arm. As outlined above, the 3-

arm glycans appear to be more accessible. Hence, an interaction with mono-sialylated 3-

arm Fc N-glycans should be feasible while that with mono-galactosylated 6-arm Fc N-

glycans disfavored. The interaction of mono-sialylated glycans with sialic acid binding 

proteins such as Siglecs may be equivalent to that of di-sialylated glycans because of a 

potential steric hindrance for the 6-arm glycan.  

Effect of glycan modification on recognition by DCs 

It is well established that protein glycosylation can affect recognition and internalization 

by APCs and other cells (Altschuler et al. 2000; García-Vallejo and Van Kooyk 2009; 

Gennari et al. 2016; Streng-Ouwehand et al. 2016) especially for high mannose structures 

which are typically displayed by pathogens. However, high mannose glycans can also be 

exposed on endogenous proteins and thus be recognized by mannose-specific CLRs 

(Linehan et al. 2001). Initially, increased routing of mannosylated protein and peptide 

antigens into the lysosome and MHCII compartment compared to non-mannosylated 

counterparts has been observed by Tan 1997. Another group confirmed the effect of 

mannose on DC uptake and processing using differentially mannosylated OVA proteins 

in comparison with aglycosylated OVA in murine bone marrow-derived DCs (Lam et al. 

2007). In their study, mannosylated OVA could be detected co-localized with the MHCII-

compartment. Thus, it was concluded that the observed enhanced DC uptake of 

mannosylated OVA increases processing and presentation of OVA. These data are the 

basis for DC targeting strategies using glycan-modified tumor or pathogen antigens 

aiming to boost adaptive immune responses required for highly effective vaccines 

(Streng-Ouwehand et al. 2011; Unger and van Kooyk 2011). Contrary, undesired effects 

on immunogenicity of therapeutic proteins have been linked to the presence of oligo-

mannose glycan. For therapeutic proteins such as FVIII or β-glucocerebrosidase, 
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mannosylated glycan structures were shown to account for glycosylation-specific uptake 

by APCs (Brumshtein et al. 2010; Dasgupta et al. 2007). 

In the present work it could be demonstrated for the first time that antibody Fc 

mannosylation increases DC uptake (Figure 12, Figure 13) and routing into the 

degradative endo-lysosomal pathway compared to an antibody with a complex-type 

glycosylation (Figure 14). The specificity of the effect of mannosylation on DC uptake 

was proven by the ability to inhibit DC uptake in presence of mannan (Error! Reference 

source not found.). Furthermore, it was shown that extension of the complex type Fc 

glycan by sialic acids (i.e. hypersialylation) decreased DC uptake and routing into the 

degradative endo-lysosomal pathway (Figure 12, Figure 13, Figure 14). 

These findings are in line with published data by Perdicchio et al. 2016 who showed that 

sialylated OVA induced a tolerogenic instead of a pro-inflammatory response in mice 

Interestingly, sialylation of OVA increased the binding and uptake by mouse DCs but did 

not impact endolysosomal routing. In the current work, an increased recognition by 

human DCs has likewise been observed with hypersialylated RTX but this strong 

recognition did not result in strong internalization (Figure 13). Instead, internalization of 

hypersialylated RTX was lower compared to WT and HiMan. Consequently, less RTX co-

localized with the early and late endosome if RTX was sialylated. Sialylation applied by 

Perdicchio et al. 2016 was based on the Neu5Acα2,6Galβ1,4Glc extension and studies 

were done in mouse species. Results in the current work were obtained with a slightly 

different type of sialylation displayed in HySi (Neu5Acα2,6Galβ1,4GlcNAc) and effects 

on antigen recognition were determined with human DCs, thus may explain the 

contradictory observations. Altogether, the data suggest that capping of the complex type 

Fc glycan with sialic acid reduces DC uptake of RTX. Fc glycans of RTX were extended 

in α2-6 linkage with sialic acids. Because RTX HySi variant was not available in α2-3 

linkage it cannot be concluded whether α2-6 linkage is indispensable to decrease DC 

recognition and uptake of RTX. 

Role of FcγRs and LRs for recognition by DCs 

A contributory role of FcγRs for the recognition of glycosylated RTX could be 

demonstrated because under blockade of the main FcγRs expressed by DCs i.e. FcγRIIa 

and FcγRIIb (i.e. CD32), DC uptake was decreased yet not fully suppressed (Figure 18). 

The initial inhibition experiments to evaluate the contribution of FcγRII to DC binding and 
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uptake were only performed for WT/N297A and HiMan thus it can only be speculated 

whether FcγRII participates in binding of HySi. Targeting of the inhibitory FcγRIIb by HySi 

could theoretically increase the net presence of HySi on the DC surface because FcγRIIb 

is reported to transport the bound cargo to the recycling pathway (Bergtold et al. 2005). 

That some FcγR-mediated effects were observed is to a certain extend unexpected 

because low affinity FcγRs as FcγRII typically bind IgG if presented as immune complex. 

It may be possible that the very low percentage of aggregates present in the construct 

formulation per se facilitates the presentation of repeated epitopes and thus causes 

FcγRII binding. The engagement of activating FcγRs such as FcγRIIa can cause DC 

maturation or secretion of pro-inflammatory cytokines (such as IL-12, IL-6 or IL-1β) while 

that of the inhibitory FcγRIIb counteracts and hence increases the activation threshold. 

Since only the expression of pan FcγRII was determined and inhibition experiments were 

only conducted with pan CD32 F(ab`)2 it is not possible to conclude on the contribution of 

the activating FcγRIIa relative to the inhibitory FcγRIIb on DCs. It is known that type 2 

cytokines (IL-4, IL-10, TGFβ) induce FcγRIIb expression on DCs (Guilliams et al. 2014; 

Liu et al. 2006; Tridandapani et al. 2002). Since IL-4 is used for differentiation from 

monocytes to moDCs it is likely that moDCs present a higher ratio of inhibitory vs 

activating FcγRII. 

Because FcγRII expression on DCs does not correlate with DC uptake of any glycovariant 

FcγRIIs do not appear to drive the recognition. It is concluded that lectin receptors are 

more likely to account for it. This assumption is supported because LR expression with 

ligand specificity for sialic acid and oligo-mannose correlates with glycosylation-specific 

DC uptake (Figure 16). More specifically, Siglec 7 expression on DCs correlates with DC 

uptake of HySi while DC-SIGN and MR expression with that of HiMan. The lacking 

correlation of LR expression and internalization of the aglycosylated RTX confirms that 

DC uptake is receptor-mediated and glycosylation-dependent. Expression of MGL, DC-

ASPGR were not monitored on IDCs because these receptors are not reported to 

recognize high mannose and sialoglycans although galactosylated species present in WT 

Fc glycans may serve as ligands. Inhibition experiments were focused on deciphering the 

role of DC-SIGN, MR and Siglec 7 because the expression of these receptors correlated 

with the uptake of RTX glycovariants. 
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Eventually, it was demonstrated that HySi internalization is partially mediated by Siglec 

7. Siglec 7 inhibition downregulated DC uptake of HySi, while not of HiMan and N297A 

(Figure 18). Thus, it could be confirmed that sialylated RTX is recognized by a Siglec. It 

is possible that other Siglecs that are reported to recognize terminal Neu5Acα2-6Galβ1-

4GlcNAc (i.e. Siglec 9 and 10) and/or other LRs are involved in the DC recognition of 

HySi. Sialylation of Fc glycans decreases its capacity to interact with type I FcγRs while 

that with the type II FcγR DC-SIGN is supposed to increase (Lu et al. 2018). This 

increased engagement of DC-SIGN by sialylated IgG was shown to upregulate FcγRIIb 

expression by IL-33 and IL-4 release in mice (Anthony et al. 2011) and was proposed as 

mode of action for the anti-inflammatory effects of high dose IVIG. If HySi RTX could 

trigger a similar effect in human DCs an upregulation of FcγRIIb could increase the 

threshold for activation of receptors potentially targeted by HySi. However, recent 

literature does not support that DC-SIGN is targeted by sialylated IgG (Yu et al. 2013) or 

that anti-inflammatory effects of IVIG are attributable to Fc-associated sialoglycans (Bayry 

et al. 2009). Finally, there is no apparent evidence that the CRD of DC-SIGN directly 

recognizes sialylated glycans. For these reasons, DC-SIGN was not considered as 

relevant LR for recognition of HySi. 

There is controversy regarding the effect of sialylated Fc glycans on the binding to FcγRs 

(see Section 1.4.2). The majority of the studies report that sialylation decreases FcγR 

binding and ADCC (Kaneko et al. 2006; Mimura et al. 2016; Scallon et al. 2007; Wada et 

al. 2019) and desialylation increases ADCC (Naso et al. 2010; Wada et al. 2019). 

Contrary, Lin et al. 2015 report an increased engagement of FcγRIIa/b and FcγRIIIa if 

RTX is homogenously sialoglyco-modified. However, the glyco-modified Fc glycan used 

by Lin et al. 2015 lacks fucose. Hence the observed effects are likely attributable to absent 

fucosylated glycans. Nevertheless, Lin et al. 2015 demonstrated that the afucosylated α2-

6 sialylated RTX had a higher affinity towards FcγRIIIa than the α2-3 sialylated RTX. 

Lastly, some studies do not confirm that sialylation impacts FcγR binding (Boyd et al. 

1995; Thomann et al. 2015). The reason for these discrepancies may be due to the 

different methods used to generate sialylated antibody preparations (lectin fractionation, 

in vitro engineering, cell line engineering) leading to a distinct pattern of inhomogeneous 

sialoglyco-variants. Such variations include presence or absence of fucose, mono-/di-

sialylation, mono-sialylation of the 3- or 6-arm, type of sialic acid linkage (α2-3 vs α2-6) 

and mono-/di-galactosylation. HySi contains mainly fucosylated G1FS1, G2FS1 and 
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G2FS2 (Figure 8), thus the content in fucose for the HySi and the WT is similar. Hence, 

variability in fucosylation is not a confounding factor in the current work. Because the HySi 

glycans contain a substantial fraction of di-galactosylated, mono-sialylated species 

(G2FS1, 34.3 %) it cannot be excluded that the free galactose exerts effects which 

compromise those mediated by sialic acids. The CHO HySi expression system used to 

produce hypersialylated RTX did not achieve full sialylation i.e. di-sialylation of the glycan. 

Other researchers have generated homogenously di-sialylated glycans by chemo-

enzymatic transglycosylation of antibodies produced in CHO (Lin et al. 2015; Wada et al. 

2019). Because the repeated enzymatic digestion associated with this procedure 

enforces additional chemical and physical stress the antibody may undergo undesired 

protein modifications such as aggregation or degradation. Therefore, such a method is 

not deemed suitable to produce glycovariants aimed to assess immunogenicity. Albeit 

antibody-sialylation as present in HySi caused distinct effects on DC uptake it remains to 

be shown whether mono-sialylation is sufficient or di-sialylation is required to be 

recognized by Siglec 7 or other potentially relevant receptors. The total proportion of 

mono- (34.3 %) and di-sialylated (41.6 %) glycans was high (89.7 %). As outlined above 

the 3-arm of the Fc glycan seems to be more accessible for recognition. Thus, mono-

sialylation may be sufficient. Of note, the antibody Fc contains two glycan chains which 

may provide two sialic acids from two mono-sialylated glycans (i.e. S1 – S1 instead of S2 

or S2 – S0). It may also be possible that a total number of 4 sialic acids favors recognition 

(S2 – S2). However, because of the accessibility restrictions of sialyltransferases such a 

bi-glycan di-sialylation is difficult to achieve (Barb et al. 2009; Stadlmann et al. 2010). 

Previous studies demonstrate that DC uptake of mannosylated antigens is mediated by 

the MR and/or DC-SIGN (Burgdorf et al. 2006, Lam et al. 2007, Engering et al. 2002). 

Thus, it was deemed likely that the DC uptake of HiMan is also dependent on the MR and 

/or DC-SIGN. Engering et al. 2002 have used BSA containing ~15 single mannose groups 

and observed that DC uptake is mediated by MR. DC-SIGN did not appear to be involved 

in the uptake of the mannosylated BSA because DC-SIGN does not recognize single 

terminal mannose while MR does. Since HiMan contains mannose in a more complex 

form it may be possible that both the MR and DC-SIGN recognize HiMan and drive 

internalization by DCs. Lam et al. 2007 demonstrated that differentially oligo-

mannosylated OVA was recognized by the MR and DC-SIGN using transfected cell lines. 
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Interestingly, binding to a DC-SIGN-transfected cell line could only be observed for O-

mannosylated OVA.  

The uptake of mannosylated RTX could be suppressed in presence of mannan and 

methyl-mannoside (Figure 18). This inhibition demonstrates that DC uptake of HiMan is 

specific to mannose residues. However, that MR or DC-SIGN drive the recognition of 

HiMan could not be shown by inhibition experiments. In theory, the HiMan oligo-mannose 

should fulfill the structural pre-requisites to be recognized by MR. For DC-SIGN, it seems 

that N-linked oligo-mannose glycans cannot be recognized (Lam et al. 2007) and may 

explain why internalization of HiMan could not be blocked in presence of recombinant 

human DC-SIGN. In order to provide a clear evidence that MR and/or DC-SIGN do or do 

not recognize HiMan binding experiments using cell lines transfected with DC-SIGN or 

MR would be required. 

There is evidence that FcRn, the neonatal Fc receptor, is important for the routing and 

presentation of IgG complexed antigen. Such binding to FcRn requires pH<6.5 as present 

in endocytic vacuoles. IgG immune complexes shuttle to this intracellular compartment 

after binding to surface FcγRs (Guilliams et al. 2014). Interestingly, it was recently found 

that glycosylation affects FcRn binding (Dashivets et al. 2015; Wada et al. 2019) although 

it was long believed to be glycosylation-independent (Kanda et al. 2007; Jefferis 2012). 

Sialylated and galactosylated IgG1 slightly increase while deglycosylated and 

mannosylated IgG1 slightly decrease affinity to FcRn. Therefore, it is possible that the 

intra/inter-vesicular transport of RTX glycovariants is additionally driven by FcRn. An 

enhanced interaction of HySi with FcRn would prevent the antibody from routing to the 

degradative pathway while decreased interaction of HiMan or N297A with FcRn would 

favor transport into the degradative MHCII compartment.  

FcγRs could in a similar manner as for FcRn guide the IgG cargo to lectin receptors 

present in a pre-form of the early endosome such as to the MR if the conditions suffice 

recognition. Recognition of mannosylated antigens by surface or vesicular LRs may 

determine the fate of its routing for recycling, degradation or cross-presentation via the 

cytosolic or the vacuolar pathway (Amigorena and Savina 2010; Burgdorf and Kurts 

2008). For example, if OVA is taken up after recognition by the MR it is cross-presented 

while if taken up by macropinocytosis it is presented by MHCII (Burgdorf et al. 2007). 

Another example for the effect of glycan-modification on the intracellular antigen 
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trafficking comes from a study with OVA, which is directed to the LAMP1+ compartment 

i.e. late endosomes instead if neo-glycosylated with Lewisx or directed to the early 

endosome (EEA1+ compartment) if native i.e. mannosylated (Streng-Ouwehand et al. 

2016). Similarly, in the present work, mannosylation appears to destine the routing of RTX 

because it was preferentially detected in the early endosome at the measured time point 

RTX as reported by others (Burgdorf et al. 2007; Mahnke et al. 2000). Since HiMan was 

likewise strongly detected in the late endosome and remarkably high amount of RTX was 

detected in this degradative compartment it can be concluded that mannosylation 

enhances the uptake and routing for proteolysis. 

That an antigen is routed by one receptor into a specific compartment may be possible in 

theory. However, under physiologic conditions, various external factors and different 

glycosylation structures present on the antibody Fc may facilitate that different receptors 

can be recognized and are involved in specific cellular compartments. The likelihood to 

ligate a LR also depends on its own shuffling and recycling properties. For example, DC-

SIGN is mainly found on the cell surface of immature and mature moDCs while the MR, 

DCIR and MGL which are a constitutively internalized receptors also found intracellularly 

which suggests distinct trafficking routes for different LRs (Engering et al. 2002; García-

Vallejo et al. 2015). Thus, antigen shuffling seems to be highly dynamic. Although there 

is some knowledge on how specific LR receptors traffic the cargo it still remains to be 

determined which receptor leads to efficient antigen presentation (Reuter et al. 2015). 

Kinetic co-localization studies after antigen internalization and intracellular staining with 

a panel of LR- and FcγR-specific antibodies would help to probe this further. In addition, 

simultaneous triggering of LRs with overlapping glycan specificity may cause cooperative 

activity of multiple LRs or counter-modulate activity of one LR as reported for DC-SIGN 

by DCIR (García-Vallejo et al. 2015). Such mechanism could be experimentally 

addressed using single and double knout-out DCs or transfected cell lines. 

Glycosylation-dependent differences in internalization of RTX were not detected if 

internalization was assessed with LPS-maturated DCs. It is known that mature DCs 

internalize less efficiently compared to immature DCs. This reduced internalization 

capacity upon maturation seems to be related to decreased macropinocytosis while 

recognition and uptake via endocytosis receptors seems to endure (Platt et al. 2010). 

However, most of these receptors (DC-SIGN, MR, Siglec 7, DCIR) are reported to be 
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downregulated upon maturation (García-Vallejo et al. 2015; Lock et al. 2004). Therefore 

glycosylation-dependent recognition and uptake seems to be less relevant upon 

maturation. 

T cell recognition 

Importantly, using DC-PBMC co-cultures it could be shown that RTX glycosylation affects 

antigen presentation and T cell recognition. Mannosylation of RTX increases and 

sialylation of RTX decreases T cell responses (Figure 20). Thus, glycosylation-specific 

DC uptake correlates with antigen presentation. However, aglycosylated RTX stimulated 

T cell responses in similar manner as mannosylated RTX, although DC uptake of the 

aglycosylated RTX was much lower compared to the mannosylated RTX (Figure 21). 

This observation might suggest that aglycosylated RTX is more easily processed by 

endolysosomal proteases which increases peptide generation and presentation on 

MHCII. It is known that protein glycosylation can influence proteolytic processing. 

Glycosylation of amino acids near the proteolytic cleavage site can block proteolysis and 

therefore prevent peptide cleavage for MHC presentation. The relevance of glycosylation 

for protection from proteolytic degradation has been shown previously for MUC1, a 

heavily glycosylated tumor antigen (Hiltbold et al. 2000) but also for viral glycoproteins 

(Botarelli et al. 1991; Drummer et al. 1993). Deglycosylated MUC1 routes to the late 

endosome and is degraded while glycosylated MUC1 remains in a MR-dependent 

manner in the early endosome and is protected from degradation thus prevents T cell 

recognition. One needs to consider that aglycosylated RTX possesses a single point 

mutation i.e. N297A. It is unlikely that this minor deviation in the Fc peptide sequence 

from the other RTX glycovariants accounts for the enhanced antigen presentation but it 

cannot be formally excluded. 

Interestingly, tolerogenic effects associated with the Fc of FVIII-Fc fusion protein have 

been reported. A role of FcγRs and FcRn could be established because the Fc silent 

version of FVIII-Fc (FVIII-Fc-N297A) stimulated less Tregs than FVIII-Fc in hemophilic 

mice although antibody titers were comparable (Krishnamoorthy et al. 2016). Diminished 

B cell activation upon binding of FVIII-Fc to the inhibitory FcγRIIb, FcRn-mediated rescue 

from lysosomal degradation and transmission of Fc-associated regulatory T cell epitopes 

(Tregitopes) have been discussed as tolerance mechanisms. The potential relevance of 

the Fc glycosylation was not considered in that study but has been acknowledged later in 
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a review on the tolerogenic properties of the antibody Fc with regards to sialylated 

glycoforms (Blumberg et al. 2018). The lacking ability of the aglycosylated RTX to ligate 

inhibitory FcγRIIb and a potentially associated increased DC activation may provide 

another explanation for its increased T cell response. 

Another factor that is suggested to impact receptor-mediated antigen presentation is the 

speed of internalization. Slow and continuous uptake was proposed to restrain proteolytic 

degradation thus enhance antigen presentation (Chatterjee et al. 2012; Cohn and 

Delamarre 2014). Besides the amount of the internalized antigen also the efficiency of 

MHCII loading seems to drive antigen presentation. This loading efficiency depends on 

the subcellular compartment i.e. if the antigen is routed to the late endosome/lysosome 

peptides are efficiently processed and presented. This means that internalization and 

MHCII peptide presentation do not necessarily correlate. DCs that internalize and deliver 

only low amounts of antigen into the endolysosome can exert high MHCI/II presentation 

(Reuter et al. 2015). Therefore, it is possible that the aglycosylated RTX induces T cell 

responses similar or higher to HiMan although the amount and rate of internalization was 

much lower. Of note, the routing of aglycosylated RTX cannot be impacted by LRs and 

FcγRs while that of the WT, HiMan and HySi can. 

Contrary to a protective role of glycans, it has been demonstrated that glycans participate 

and are critical for T cell recognition although the presented peptides were not 

glycosylated (Sjölander et al. 1996). Nevertheless, it is possible that glycans are part of 

the T cell epitope i.e. presented as glycopeptides on MHCII (Deck et al. 1995; Jensen et 

al. 1996) and that T cell responses are glycan-specific (Galli-Stampino et al. 1997). For 

RTX, it cannot be concluded whether complex or high mannose Fc N-glycans are part of 

the epitopes or only indirectly influence the peptide epitope through effects on routing and 

processing. Because glycans can survive lysosomal degradation it may be theoretically 

possible. Complex N-glycans (G0F) have indeed been detected on MHCII from 

melanoma cell lines (Malaker et al. 2017) indicating that the hepta-saccharide core 

remains intact during lysosomal degradation. If this was the case for antibody-derived Fc 

N-glycans it may prevent the interaction of the glycopeptide with the TCRs if positioned 

centrally or facilitate/enhance interaction with the TCR if positioned at the flank of the 

peptide. If no glycan is presented MHC-TCR interaction may be enhanced. This could 

explain why the aglycosylated RTX induced stronger T cell responses compared to WT 
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RTX. It cannot be concluded whether T cell responses were glycan-specific. But the data 

show that RTX-specific T cell responses were glycosylation-dependent.  

The kinetic data on glycosylation-dependent internalization of RTX reveal that 

internalization rate/speed and amount was highest for HiMan and lowest for HySi and 

correlate with T cell responses induced by the respective glycovariants (Figure 21). There 

were slight differences in the DC uptake kinetic and amount between N297A and WT but 

these appeared to be donor- and DC-phenotype dependent (Figure 15). Nevertheless, 

the mannosylated RTX showed increased T cell responses. Hence, the antibody 

glycosylation influences not only the DC uptake but also the antigen presentation which 

is concordant with the strong accumulation of mannosylated RTX in the early and late 

endosome and lysosome. Thus, not only the presence or absence of glycosylation but 

rather the composition of the glycans are determining antigen presentation. Consistent 

with these findings, enhanced T cell responses have been previously observed for 

mannosylated OVA which were driven by CLR-mediated uptake and subsequent routing 

into the degradative pathway (Lam et al. 2007). 

That sialylation can induce antigen-specific tolerance has been previously shown in mice 

using sialylated OVA and MOG35-55 (Perdicchio et al. 2016). In this study it was found that 

Siglec E, the murine orthologue of human Siglec 7/9, is required to stimulate tolerogenic 

DCs and regulatory T cells and therefore inhibits effector T cell responses. This is in line 

with the observed reduced human T cell response for hypersialylated RTX relative to the 

unmodified RTX. In addition to tolerance induction by sialylation, the direct engagement 

of inhibitory Siglecs or indirect engagement with FcγRIIb could limit DC activation. Hence, 

lacking costimulatory signals (CD80/CD86 upregulation, cytokine secretion) suppress T 

cell activation. One could determine whether HySi RTX induces FoxP3+ Tregs and 

whether immunosuppressive cytokines are secreted by DCs. As outlined above it may be 

conceivable that although only low amounts of RTX were internalized peptide 

presentation was efficient. If sialic acid remains after lysosomal proteolysis, the MHCII-

TCR interaction may be diminished and further explain the reduced T cell response. 

Cooperative ligation of different CLRs with/without TLR involvement by different antigen 

determinants can drive the outcome of the immune response. However, some of the CLR 

have signaling capacity (DC-SIGN, Siglec 7, DCIR) which can drive TH differentiation and 

cytokine secretion (Geijtenbeek and Gringhuis 2016). That the HiMan induces strong T 



 
 

113 
 

cell activation is supporting this mechanism. Of note, aggregate and endotoxin content, 

that could display danger signals and therefore trigger collaborative engagement with 

FcγR and TLRs, were comparable and low in all glycovariants. 

In vitro assays have the advantage that immuno-regulatory mechanisms can be assessed 

using human immune cells hence may be more relevant than studies in mice. Based on 

interaction and restriction to specific human MHCII alleles, potential immunogenic 

epitopes can be identified and removed if not required for the activity. Such epitope 

mapping is done using antigen-specific T cell lines or clones which are screened for 

reactivity to peptides bearing potentially immunogenic amino acid sequences. In a similar 

approach, reactivity of enriched RTX-specific T cells was tested for glycosylation-

dependency/specificity. The aglycosylated and hypersialylated RTX were not able to re-

stimulate WT specific CD4+ T cells. Therefore, it is plausible to conclude that the 

glycosylation pattern determines the peptide presentation by MHCII and therefore 

influences the recognition by CD4+ T cells. Interestingly, mannosylated RTX was able to 

re-stimulate WT specific CD4+ T cells in a few but not all donors. Hence, HiMan seems to 

share CD4+ T cell determinants with WT RTX. These experiments were neither done with 

highly enriched RTX-specific CD4+ T cells nor with clones. In addition, it was not 

demonstrated that RTX-specific CD4+ T were MHCII-restricted. Therefore, these results 

need to be interpreted with caution. 

Rituximab CD4+ T cell epitopes have been described in the variable region using PBMCs 

from healthy human subjects (Hamze et al. 2017). Based on these data it may be 

counterintuitive that a modification present in the Fc region could affect epitopes in the 

variable region. Epitope spreading, i.e. a shift from recognition of immuno-dominant to 

subdominant epitopes, can result from altered uptake and processing (Cornaby et al. 

2015). Cryptic T cell epitopes (i.e. determinants that are usually not formed but could be 

recognized by a specific TCR) may become dominant because of altered glycosylation or 

deglycosylation. Since T cell epitopes for RTX WT and glycovariants were not 

determined, it cannot be concluded that glycosylation causes epitope spreading. 

However, because it was demonstrated that RTX glycosylation influences DC uptake and 

recognition by T cells it may be an explanation. In order to determine the exact T cell 

epitope glycopeptides or peptides could be eluted from MHCII and determined by MS 

proteomics analysis. If glycopeptides were presented by MHCII these could be tested for 
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their ability to stimulate RTX-specific CD4+ T cells and glycopeptide-specific CD4+ T cell 

clones generated and used to further characterize the specificity of the TCRs against the 

glycan, the peptide or the glycopeptide (Housseau 2001, Dudler 1995). Further, to confirm 

glycosylation- and LR-dependency one would need to demonstrate that CD4+ T cell 

responses can be suppressed in presence of glycans (such as mannan) or LR-blocking 

proteins. 

It remains to be shown that the observed effects of glycosylation on immune recognition 

are relevant in a clinical setting. In vitro DC and T cell assays may not fully represent the 

in vivo situation. MoDCs rather exert an inflammatory type of DCs and therefore display 

uptake, processing and presentation and T cell polarization different from the migratory 

DCs (CD1a+ DCs, CD14+ DCs) or non-migratory DCs (LCs) present in the skin, in the 

blood (BDCA1+ DCs or BDCA3+ DCs) or in the secondary lymphoid organs (pDCs, 

BDCA2+) of a living human organism. Homeostatic regulation by expression of activating 

and inhibitory LRs or FcγRs can differ in specific DC subsets. For example, moDCs 

express most activating and the inhibitory FcγRIIb while pDC/cDCs express only the 

inhibitory FcγRIIb (Guilliams et al. 2014). Migration of DCs from the skin to the draining 

lymph nodes where naїve T cells are activated is only mimicked in the in vitro co-culture 

system and does not fully recapitulate the complexity of the immune synapse found in 

secondary lymphoid organs. It is likely that rather pre-existing memory T cells instead of 

naїve T cells are stimulated. In addition, in vitro assays were performed with immune cells 

from treatment-naive subjects. Thus, CD4+ T cell responses stimulated under these 

conditions are much weaker compared to those from treated patients. Therefore, CD4+ T 

cell responses could only be detected in few donors that may react to RTX because of 

pre-existing CD4+ T cells that arose from previous exposure to an antigen highly 

homologous to structures of RTX. For these reasons, it would be beneficial to study 

glycosylation-dependent and -specific effects on T cell immunogenicity using T cell lines 

or clones generated from RTX-treated patients that formed ADAs. 
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2. Glycosylation-dependent humoral immune response and clearance 

Most of the studies that have shown that glycosylation alters immunogenicity demonstrate 

this based on T cell responses. Since high affinity IgG humoral responses are usually T 

cell-dependent, conclusions based on T cell responses may be appropriate but do not 

provide the evidence that humoral responses are affected. Thus, it was deemed 

necessary to investigate whether antibody glycosylation influences anti-RTX formation 

which was done in BALB/c mice. BALB/c mice revealed to be more suitable than C57BL/6 

mice which did not form a robust immune response to WT RTX. This higher sensitivity of 

the BALB/c strain is likely attributable to its TH2 prone cytokine and T cell functionality 

(Hsieh et al. 1995) which is inferior in the TH1 prone C57BL/6 strain (Watanabe et al. 

2004). 

In the current work it was demonstrated the first time that antibody glycosylation, devoid 

of the non-human glycans Neu5Gc and α1-3gal, impacts humoral immune responses. 

Mannosylation of RTX increases, RTX lacking glycosylation reduces while sialylation of 

RTX does not affect B cell immunogenicity in BALB/c mice. Different measures were used 

to assess immunogenicity: the magnitude of anti-RTX-antibody binding of IgG isotype, 

the onset of ADAs and the response index (% ADA+ animals). Anti-RTX were detected 

after the 4th dose on D11 for all glycovariants except for the WT which mounted ADAs in 

few animals already on D8. The magnitude and the response index were significantly 

higher if mannose glycans were present and lower if glycans were absent from D11 on 

(Figure 23). 

The results from the glycosylation-related humoral immune response are in agreement 

with the antigen-uptake, processing and presentation results obtained in human in vitro 

assays for mannosylated RTX. However, the apparent tolerogenic effect of sialylation and 

immunogenic effect of aglycosylation found in human in vitro studies could not be 

recapitulated in the mouse study. Instead aglycosylated RTX was least immunogenic in 

mice suggesting, as initially postulated, that antibody glycosylation facilitates recognition 

and immune responses. This result is in line with previous studies for example on the  

tumor antigen Muc1 or on the rheumatoid arthritis autoantigen collagen type II (CII) where 

humoral responses fail if glycosylation is absent indicating that the immunogenic epitopes 

are determined by the glycoprotein ((Bäcklund et al. 2002; Lakshminarayanan et al. 2012; 

von Mensdorff-Pouilly et al. 2000; Wolfert and Boons 2013). Contrary, aglycosylated IFNβ 
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(Betaseron, produced in E. coli) exhibited higher immunogenicity than glycosylated IFNβ 

(Avonex, produced in CHO) (Hermeling et al. 2005b) in a human IFNβ tolerant mouse 

model but this was attributed to a higher aggregation propensity for the aglycosylated 

IFNβ (Rudick and Goelz 2011). 

Humoral and cellular responses in the mice were concordant i.e. ex vivo recall performed 

with aglycosylated RTX induced weak CD4+ T cell responses relative to the WT while 

mannosylated RTX induced strong CD4+ T cell responses. Thus, glycosylation-

dependent CD4+ T cell recognition seems to differ in mouse and human. The results 

obtained in mice may not be predictive for humans. Since glycosylation-dependent effects 

on T cell responses were translatable to glycosylation-dependent humoral immune 

responses in mice it is plausible that a low T cell immunogenicity as observed for 

hypersialylated RTX observed in human translates to a low anti-drug antibody response 

in human, but this remains to be shown. 

Glycosylation-specific anti-RTX responses mirrored in glycosylation-specific serum 

cytokine patterns (Figure 26). IL-21, characteristic of a TFH response known to promote 

germinal center reactions and memory B cell responses, was only detected for HiMan. 

This finding is in line with the highest immunogenicity induced by HiMan. Another cytokine 

that was uniquely secreted by HiMan was IL-28B. IL-28B is induced in response to viral 

infections (Akdis et al. 2016). Since viruses carry mannosylated glycans, as HiMan does, 

there seems to be an association between the recognition of mannosylated glycans and 

the secretion of IL-28B.  IL-10, characteristic of a regulatory response, was the only 

cytokine elevated after N297A immunization and is in agreement with the lowest IG 

induced by this aglycosylated RTX. It is likely that this glycosylation-specific T cell 

polarization results from the ability of each glycovariant to interact with a unique LR or set 

of LRs. Differential or cooperative signaling cascades induced by DC-associated LRs may 

shape the T cell response and in turn the humoral B cell response. DC-SIGN activated 

by carbohydrates does not seem to stimulate cytokine expression but may indirectly 

contribute through the regulation of the activity of other PRRs (Geijtenbeek and Gringhuis 

2016). DC-SIGN cooperates with TLR2 and TLR4 which can also bind to oligo-mannose 

structures (Hsu et al. 2009). Once ADAs have formed, i.e. from D8/D11 on, FcγR 

expressed by DCs can recognize RTX-ADA immune complexes thus stimulate signaling 

cascades. In this context, it has been shown that engagement of activating FcγRs on DCs 
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promotes T cell polarization. Depending on the mouse model TH1 or TH2 immune 

responses were stimulated (Guilliams et al. 2014) as observed for glycosylated RTX (WT, 

HySi and HiMan). Upon immunization with RTX some of the cytokines were elevated only 

on D18 4h post-dose and not yet on D1 4h post dose. This observation supports the 

notion that T cell polarization is not only regulated by binding of monomeric RTX to LRs 

but also by binding of RTX-ADA immune complexes to FcγRs. Since the aglycosylated 

RTX does not bind to FcγRIIs the abovementioned proposed mechanism may be less 

relevant to aglycosylated RTX in line with its lacking inflammatory cytokine response. 

FcγRs can be triggered not only by IgG but also by IgE in mice. Such an IgE ligation 

skews TH1 to Treg cell responses by suppressing the secretion of IL-12 and increasing IL-

10 by DCs (Blink and Fu 2010). Mice immunized with N297A showed only low IgG anti-

RTX levels and an exclusive IL-10 secretion (Figure 23, Figure 26). It would be 

interesting to know whether this N297A-specific IL-10 signature is associated with a 

favored IgE isotype switch induced by the aglycosylated RTX. However, such a 

mechanism would not be relevant in human because IgE does not bind to FcγRs in human 

(Bruhns et al. 2009). These and other species-specific differences in the FcγR 

expression, distribution, function and ligands (Bruhns 2012; Lux and Nimmerjahn 2013; 

Overdijk et al. 2012) could be a reason for the discrepancy between mouse and human 

results on N297A immunogenicity. 

The immunogenicity assay used in this study only informs on the outcome of the 

secondary immune response which is characterized by the IgG isotype.  High affinity IgGs 

are formed after isotype switch following the primary response characteristic of low affinity 

IgMs (Tatarewicz et al. 2014). A switch from IgM to IgE normally forms low affinity 

antibodies while an indirect switch forms high affinity antibodies detouring via IgG to IgE 

(Aalberse and Platts-Mills 2004). In the latter case the IgG response would be a correlate 

of an IgE response. As IgE and IgM were not measured, we cannot draw any conclusions 

on this aspect. RTX-specific ADAs of IgG isotype in BALB/c mice were first detected 

between D8 and D11. It would be interesting whether the early primary IgM response is 

also affected by glycosylation. 

Classical carbohydrate immune responses are TH2 driven (requiring IL-4 and IL-13) and 

characterized by the IgG2 isotype in human. Determining the IgG subclass could 

therefore inform on whether the immune response is related to the glycan or results from 
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the glycan-mediated change in protein processing i.e. unrelated to a direct glycan-

mediated immune response. Isotypes could not be determined in the mouse study 

because of serum limitations. 

Results from antibody binding signals as determined here may be interpreted with the 

awareness that quantitative antibody profiles may not always be good predictors for 

protection from infection or for immunogenicity. A high titer indicates a high concentration 

of binding antibodies but the proportion of neutralizing antibodies may be low owing to 

the polyclonal nature of the immune response. Thus, ADA determination can only be 

interpreted as semi-quantitative measure. They do not necessarily inform on a risk 

associated with IG unless its neutralization capacity is assessed. Albeit non-neutralizing 

antibodies do not affect the efficacy they can reduce exposure or trigger hypersensitivity 

reactions and thus are still a concern. 

For the established carbohydrate antigen α1-3gal, IgE responses are typically 

responsible for immediate anaphylactic shock reactions. Since mice express the enzyme 

α1-3 galactosyltransferase which catalysis the α1-3gal epitope formation, immune 

reactions towards such glycan epitopes are not expected and were not noticed (no 

hypersensitivity reaction). In addition, RTX does not contain non-human glycans such as 

Neu5Gc or α1-3gal. However, in patients which mount an immune response to infliximab, 

IgE has been detected and associated with hypersensitivity reactions caused by α1-3gal. 

It was reported that Fc-associated α1-3gal cannot be recognized by IgE because of steric 

hindrance and inaccessibility likely due to the high molecular size of IgE (van Bueren et 

al. 2011). Therefore, only non-glycan structures e.g. peptides seem to be recognized by 

infliximab-specific IgEs. The immunogenicity assay to detect anti-RTX was developed to 

detect RTX glycovariant-specific ADAs in a multiplex format (see Method section 9.3). In 

this assay, glycovariant-specific mouse ADAs (i.e. ADAs mounted to the WT or N297A or 

HiMan or HySi) equally recognized RTX glycovariants (see Figure 9). Hence, RTX-

specific B cell epitopes are glycosylation-independent. In other words, RTX glycosylation 

does not affect IgG recognition, as reported for IgE. 

Sialic acids are highly abundant and virtually all cells are decorated with these terminal 

glycans. Tumor cells use densely packed sialoglycans to escape from immune 

recognition (Adams et al. 2018; Lübbers et al. 2018; van de Wall et al. 2020). Therefore, 

sialylation of glycoproteins or cell surfaces is thought to confer immune tolerance. Thus, 
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hypersialylation of therapeutic proteins may be a promising strategy to dampen undesired 

immunogenic reactions to the biotherapeutic. A study aiming to increase the 

immunogenicity of sialoglycans showed that chemical derivates of Neu5Ac conjugated to 

KLH induced an immune response (IgM, IgG1, IgG2a and IgG3) while the natural Neu5Ac 

conjugate was not immunogenic in C57BL/6 mice (Chefalo et al. 2004). This observation 

is not unexpected because Neu5Ac is the precursor of Neu5Gc and therefore known as 

endogenous molecule in mice, whereas not in humans. 

It is well known that the anti-inflammatory effect for IVIG (detected as reduced 

inflammation in an arthritis mouse model) is ascribed to α2-6 sialoglycans but not to α2-

3 sialoglycans (Anthony et al. 2008; Brückner et al. 2017; Schwab and Nimmerjahn 20. 

This implies that α2-6 sialoglycans as present on HySi RTX are active in mice. The 

postulated role of DC-SIGN or SIGN-R1 in the recognition of sialylated fractions of IVIG 

was later questioned with regards to the involvement of sialoglycans (Bayry et al. 2009; 

von Gunten et al. 2014; Yu et al. 2013). Thus, it may be possible that HySi does not 

provide the linkage required for recognition by murine siglecs and may explain that HySi 

was not inducing tolerance as observed in humans. Nevertheless, the TH2 dominant 

cytokine pattern (high IL-5, low IL-22) induced by HySi was different from the 

inflammatory TH1/TH2/TH17 profile of the WT (high IFNγ, high IL4, high IL-17A) (Figure 

26), and thus implies that HySi engages other receptors with signaling capacity than the 

WT. Despite these differences the ADA responses for HySi and WT were comparable. 

RTX is a chimeric antibody containing a human Fc portion and a murine Fab portion. The 

human Fc may therefore be recognized as foreign in the mouse and thus not replicate 

the human immunogenic mechanism. In addition, RTX is not pharmacologically active in 

mice because it does not bind to murine CD20. Therefore, RTX does not cause B cell 

depletion in mice. T cell responses determined in human in vitro were done in a DC- 

PBMC co-culture assay, and thus B cells may act as APC but not if depleted by an Fc-

competent RTX. The aglycosylated RTX is not Fc-competent i.e. does not engage 

FcγRIIIa expressed by NK cells therefore does not deplete B cells. PBMC-DC co-cultures 

done with N297A may therefore contain more B cells than those done with the WT, HiMan 

and HySi potentially presenting N297A-processed peptides more efficiently. This has not 

been experimentally assessed but may be another possible reason why N297A was more 

immunogenic in human and less in the mouse compared to the WT. Internalization of 
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RTX by B cells for antigen presentation would depend on its IgG receptor i.e. only 

facilitated by RTX-specific B cells. Since the frequency of RTX-specific B cells in PBMCs 

form naive healthy humans is very low this uptake-mechanism may not be highly relevant. 

The neonatal Fc receptor is highly important for the turnover of serum IgG thus 

determines the half live of antibodies. Fc glycosylation does not appear to impact 

interaction with FcRn (Jefferis 2012; Kanda et al. 2007). Recent studies demonstrated 

little effects of glycosylation on FcRn binding with sialylation of IgG1 increasing, and 

deglycosylation and mannosylation decreasing interaction with FcRn (Cymer et al. 2018; 

Dashivets et al. 2015; Wada et al. 2019). These minor effects do not appear to be relevant 

for the pharmacokinetic properties of the antibody because antibody deglycosylation has 

so far not been shown to affect the clearance (Leabman et al. 2013; Liu et al. 2011; Tao 

and Morrison 1989). These reports are in line with the results obtained with aglycosylated 

RTX in BALB/c mice. Contrary, RTX exposure was slightly reduced if mannosylated which 

is concordant with previous reports ((Goetze et al. 2011; Kanda et al. 2007; Wright and 

Morrison 1994; Yu et al. 2012) although others do not report effects of high mannose 

glycans on antibody clearance (Chen et al. 2009; Millward et al. 2008). 

For therapeutic proteins Epo, FVIII, β-glucocerebosidase clear effects of glycosylation on 

clearance were reported. These effects were attributed to binding to ASGPR and MR 

expressed in the liver by hepatocytes or Kupffer cells, respectively. Deglycosylation of 

FVIII decreased clearance (Bovenschen et al. 2005). Desialylation of b-

glucocerebosidase and pegylated Epo markedly increased clearance (Furbish et al. 1978; 

Liu et al. 2012). Thus it is expected that sialylation has the opposite effect i.e. decreases 

the clearance by masking terminal galactose residues (Morell et al. 1971). In line with 

this, Bas et al. 2019 ascribe the observed increased half-life of antibodies, mutated in the 

Fc to increase FcRn ligation, to sialic acids independent of FcRn, FcγRIIs and structural 

effects. Indeed, a role of ASGPR for the increased clearance of afucosylated and 

fucosylated pertuzumab by desialylation could be proven (Luo et al. 2017). However 

earlier studies were not able to demonstrate such an effect of sialylation on the clearance. 

Kaneko 2006 did not observe that sialylated IVIG (lectin fractionated) was cleared slower 

or faster compared to non-fractionated IVIG. Another study using desialylated anti-TNFα 

could also not report a different PK profile compared to the sialylated ab (Naso et al. 2010) 
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and antibody Fab glycans that terminate with mono- and di-sialylated did not affect the 

PK profile (Millward et al. 2008). 

In the current study, hypersialylated RTX showed slightly decreased exposure (Figure 

25).  There is one report which claims that ASGPR recognizes α2-6 linked sialoglycans 

(Siaα2-6Galβ1-4-GlcNAc) and not α2-3 linked ones thus may promote the clearance of 

endogenous glycoproteins (Park et al. 2005). In addition, they hypothesize that terminal 

β1-4Gal linked glycans are cleared independent of ASGPR. Another study confirms that 

the linkage is relevant because a glycoprotein containing α2-6 linked sialoglycans was 

cleared faster than that containing α2-3 linked sialoglycans (Chung et al. 2020) thus 

exhibited a lower activity. Therefore, it may be possible that the reduced exposure of HySi 

detected in BALB/c mice accounts to a preferred recognition of α2-6 linked sialic acids by 

ASGPR. 

One must consider that the main purpose of the in vivo study in BALB/c mice was to 

assess glycosylation-dependent immunogenicity. RTX concentrations were primarily 

determined in order to confirm exposure in all treated animals. Therefore, only a limited 

number of samples was collected to measure RTX concentration. To get a better 

understanding on glycosylation-dependent exposure one would need to sample 

frequently after a single dose (2h, 6h, 24h, D1, D2, D4, D6, D12) to calculate different PK 

parameters half-life, AUC, distribution volume at steady state, mean retention time and 

clearance. 

As outlined before, the contradictory results for the role of antibody-sialylation on 

biological effects such as on the clearance may be based on the heterogeneity of the 

sialoglycans used in different studies. It emphasizes the need to better control the 

composition and to annotate it more clearly. In addition, different mice strains applied 

across multiple studies may exert distinct receptor function, expression and distribution. 

The ability of the tool antibody to bind to murine targets can further affect the clearance. 

Finally, the route and site of administration and dose may impact the distribution and 

disposition of the antibody thus glycosylation-dependent immunogenicity and clearance 

but varies as well in different reports. Therefore, results from such studies are difficult to 

compare. 
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Because the effects of RTX mannosylation on immunogenicity obtained in human were 

concordant with that in mice there is sufficient evidence to conclude that antibody 

mannosylation (IgG1) has negative consequences on the immunogenicity but also on the 

clearance. Therefore, there is a risk that the efficacy and safety of the therapeutic antibody 

can be negatively affected. Nonetheless, the amount of high mannose in recombinant 

antibodies is usually low (although contents with up to 20 % have been reported (Goetze 

et al. 2011). Recommendations on an acceptable maximum content of high mannose 

cannot be made based on the results from this study. Comparisons of RTX containing 

sequentially rising mannose content (i.e. with 10 %, 20 %, 40 %, 60 %, 80 %, 100 % high 

mannose) would be needed to inform on any threshold. 

It seems unlikely that the results regarding immunogenicity and clearance for sialylated 

RTX and aglycosylated RTX obtained in the in vivo study in BALB/c mice are relevant for 

human. Inbred strains do not mirror the genetic diversity of humans. In addition, murine 

immune responses deviate from human because various murine immune receptors and 

their respective ligands are not homologous in human (TLRs, lectin receptors, FcγRs, IgG 

isotypes) or are not expressed on the same immune subsets (see Table 5, Table 6). For 

example, the MR is expressed on splenic macrophages in human but not in mice 

(Martinez-Pomares et al. 2005) and FcγRIIa does not exist in mice (Bruhns et al. 2009). 

Further, immune recognition and the adaptive immune response is largely affected by the 

DC type. Mouse and human myeloid DCs show some differences in their antigen 

presentation mode. For example, in mice CD8+ and CD103+ DCs rather induce CD8+ T 

cell responses upon cross-presentation via MHCI while CD8- DCs direct towards MHCII-

mediated CD4+ T cell responses (Segura and Villadangos 2009). In humans the 

respective DC analogues CD141+ (BDCA3+) and CD1c+ (BDCA1+) exhibit equal 

competency to present extracellular antigens via MHCI and MHCII (Macri et al. 2016). 

Nevertheless, human in vitro assays were performed with monocyte-derived DCs which 

are not fully representative of the above mentioned DC subsets. These important assay- 

and species-specific differences may further explain why the effects observed for the 

aglycosylated and the hypersialylated RTX in human in vitro studies cannot be 

reproduced in vivo in mice. 

In order to increase the relevance for human transgenic mouse models such as for human 

IgG, human MHC, human FcγR mice, mice transgenic for LRs or humanized NSG mice 
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could be used in future studies. These models could help to overcome some of the well-

known species-specific differences in mice and human but can still pose limitations 

regarding comparable immune cell composition, function and distribution. Therefore, it 

would be desirable to be able to use human complex in vitro models such as artificial 

lymph nodes or lymph nodes on a chip to assess the immunogenicity of biotherapeutics. 

Further studies are warranted to demonstrate the functionality of the immune 

compartments and the validity of these systems to answer such research questions. 

3. Proposed mechanism on effect of glycan modification on antigen recognition 

This work demonstrates for the first time that antibody glycosylation (excluding non-

human immunogenic glycan eitopes α1-3gal and Neu5Gc) increases or decreases 

antigen recognition and impacts immunogenicity. Fc glycans facilitate that antibodies are 

taken up efficiently in a receptor-dependent manner by DCs, thus determine antigen 

routing into the degradative pathway, antigen presentation and effector T cell responses 

(Figure 27). Alterations of the Fc glycans lead to differential recognition by DCs. 

Antibody mannosylation provides a DC entry signature with up to 6 terminating mannose 

residues (3 terminating mannose per heavy chain) sufficient to engage the CRDs of 

mannose-specific LRs. An involvement of MR and DC-SIGN is likely but could not be 

proven. This potential LR-mediated recognition of high mannose increases antibody 

uptake, processing and presentation. The recognition by only one type of LRs may not 

be sufficient to induce an adaptive immune response because of the lack in co-

stimulation. However, the cooperated engagement by several HiMan RTX molecules 

seems to overcome an anergic state and cause immune activation as detected by T cell 

proliferation and activation. In the mouse, release of cytokines (IL-6, IL-28B) that favor 

differentiation to follicular T cells (TFH) was noted and is likely caused by LR-mediated 

stimulation of activating signals and subsequent upregulation of co-stimulatory molecules 

(e.g. CD80/CD86) by high mannose glycans. This environment supports affinity 

maturation and isotype switch in germinal centers formed in lymph nodes, ultimately 

causing immunogenicity (Figure 28A) and is likely applicable to human Figure 27A). 

Contrary, antibody sialylation provides recognition patterns that do not appear to promote 

efficient DC uptake. Receptors that can recognize sialylated IgG are Siglecs (direct glycan 

recognition) or FcγRII and DCIR (indirectly by structural effects). The involvement of a 

Siglec 7 was confirmed. The ligation of these inhibitory receptors seems to limit 
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internalization facilitated by activating FcγRIIa (if present in immune complex) and 

subsequent signaling which in sum prevent upregulation of co-stimulatory receptors and 

secretion of cytokines thus leaving CD4+ T cells in an anergic state. In addition, an 

increased interaction of sialylated IgG with FcRn after internalization via macropinocytosis 

or receptor-dependent internalization can favor IgG recycling to the surface thus prevent 

routing to the degradative pathway (Figure 27B). Whether these events will dampen 

antibody responses in human is unknown but appears plausible. In mice, antibody 

sialylation does not cause anergy because cytokines characteristic of TH2 effector 

responses (IL-5) were secreted and antibody responses were not diminished (Figure 

28B) likely because of distinct species-specific LR- and FcγR expression, distribution and 

linkage preferences. 

In absence of antibody glycosylation, DC uptake can only be facilitated by 

macropinocytosis due to the inability to be recognized by activating or inhibitory FcγRII 

and LRs. The antibody taken up by macropinocytosis is routed into the degradative 

pathway for efficient MHCII antigen presentation causing effector T cells responses. 

Lower affinity FcRn reported upon IgG deglycosylation further favors routing into the 

lysosome. Because activating receptors cannot be engaged by the aglycosylated IgG it 

is unknown how co-stimulation is triggered in order to induce CD4+ T cell effector 

responses in human (Figure 27C). In mice however, the lack in engagement of activating 

receptors seems to promote regulatory T cell responses, as detected by the 

immunosuppressive cytokine IL-10, thus diminishes antibody responses (Figure 28C). 
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Figure 27: Proposed mechanism on effect of antibody glycosylation on antigen recognition in human  

HiMan: RTX with high mannose Fc N-glycan, HySi: RTX with complex type Fc N-glycan terminating with 
Neu5Acα2-6, N297A: RTX without Fc N-glycan 
EE: early endosome, GC: germinal center, IG: immunogenicity equal to antibody response, moDC: 
monocyte-derived dendritic cell, LE: late endosome, RME: receptor-mediated endocytosis 
DCIR: Dendritic cell immunoreceptor, DC-SIGN: Dendritic cell-specific ICAM-3 grabbing non-integrin, MR: 
mannose receptor, Siglec: Sialic acid-binding Ig-like lectin; MHC: Major histocompatibility complex, TCR: T 
cell receptor, CTLA: Cytotoxic T lymphocyte antigen, PD: Programmed death, FcRn: neonatal fragment 
crystallizable receptor. 
Details see text
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Figure 28: Proposed mechanism on effect of antibody glycosylation on antigen recognition in mouse 

HiMan: RTX with high mannose Fc N-glycan, HySi: RTX with complex type Fc N-glycan terminating with 
Neu5Acα2-6, N297A: RTX without Fc N-glycan 
EE: early endosome, GC: germinal center, IG: immunogenicity equal to antibody response, moDC: 
monocyte-derived dendritic cell, LE: late endosome, RME: receptor-mediated endocytosis 
DCIR: Dendritic cell immunoreceptor, DC-SIGN: Dendritic cell-specific ICAM-3 grabbing non-integrin, MR: 
mannose receptor, Siglec: Sialic acid-binding Ig-like lectin; MHC: Major histocompatibility complex, TCR: T 
cell receptor, CTLA: Cytotoxic T lymphocyte antigen, PD: Programmed death, FcRn: neonatal fragment 
crystallizable receptor. 
Details see text 

 

Whether the role of glycosylation as established for the tool antibody RTX can be 

generalized needs to be demonstrated. For this purpose, glycovariants of two additional 

antibodies with reported clinical immunogenicity e.g. infliximab and adalimumab will be 
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assessed for their glycosylation-dependent and glycosylation-specific antigen recognition 

and immune response. Since both antibodies bind to TNFα it will be possible to assess 

whether complex formation with this soluble or membrane bound target enhances or 

diminishes the impact of glycosylation on IG. 

4. Potential application for immunogenicity mitigation 

Because glycosylation is of great importance for the function, stability, efficacy and safety 

it is critical to control the glycosylation pattern of biotherapeutics. Ideally, biotherapeutics 

carry a constant and homogeneous glycosylation. Using engineered cell lines and 

chemical-enzymatic modifications or lectin fractionation such constant glycan pattern can 

be achieved.  Based on the data from this study, hypersialylation may be a promising 

strategy to design antibodies with an improved safety profile because of its demonstrated 

low human immunogenicity. Sialylation does not seem to have negative consequences 

for the Fc effector function (Bas et al. 2019, Li et al. 2017, Lin et al. 2015) if the Fc glycan 

is afucosylated and thus would not negatively impact the efficacy, respectively. In 

addition, antibody sialylation has been reported to decrease the clearance (Luo et al. 

2017, Bas et al. 2019) although this could not be demonstrated here. Further, α2-6 

sialylation of IgG1 was reported to reduce the long-term aggregation propensity (Wada 

2019). These synergistic effects of sialylation could be applied to generate therapeutic 

antibodies and proteins with improved efficacy, safety and stability. 

Because of the clear immunogenic effects obtained by mannosylation of RTX it is 

recommended to minimize the amount of mannose in therapeutic proteins to avoid 

immunogenicity and retain exposure and therapeutic activity. In addition, mannosylation 

was reported to increase the aggregation and proteolytic degradation propensity of 

antibodies (Fang et al. 2016; Wada et al. 2019). It remains to be determined which specific 

amount of high mannose content poses a concern. If high mannose content exceeds the 

typically low amount of ~3.5 % reported for antibodies produced in CHO it is unlikely to 

cause immunogenic reactions. However, if the high mannose content is reaching higher 

levels as reported for antibodies produced in murine cell lines (up to 29 %) one may want 

to experimentally exclude that these levels do not pose a concern. 

In order to eliminate Fc effector function aglycosylated therapeutic antibodies were 

developed. Several of these aglycosylated antibodies underwent clinical trial testing. 

Although it is thought that deglycosylated antibodies tend to be more prone to aggregation 
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and degradation (Kayser et al. 2011; Zheng et al. 2011) they did not appear to induce 

adverse events associated to issues on stability and aggregation (Hristodorov et al. 

2013). Thus, deglycosylation may provide a solution to overcome issues regarding glycan 

heterogeneity. The human in vitro results obtained here suggest that the aglycosylated 

RTX is weakly recognized by human DCs. However, because high T cell recognition was 

observed for the aglycosylated RTX it cannot be concluded that deglycosylation could 

have a positive impact.
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Summary 

The aim of the project was to understand whether and how antibody glycosylation can 

impact its own immunogenicity. To address this question the following studies were 

conducted in order to investigate the effect of antibody glycosylation on antigen uptake, 

routing and presentation, as well as the effect on the humoral immune response: 1. in 

vitro studies with human dendritic cells (DCs) and T cells and 2. in vivo studies in mice, 

respectively. The tool antibody rituximab (RTX) carrying the inherent glycosylation (WT) 

was compared with an aglycosylated (N297A) form and with two glyco-engineered 

versions. Glyco-engineering was done to increase recognition by activating lectin 

receptors i.e. through mannosylation (HiMan) or by inhibitory lectin receptors i.e. through 

attachment of sialic acids to terminal galactose residues in α2-6 linkage, herein termed 

hypersialylation (HySi). 

First, it was demonstrated that the Fc N-glycan of the tool antibody can be recognized by 

the plant lectins ConA and RCA and may therefore be accessible to lectin receptors 

expressed by DCs. Next, glycosylation-dependent recognition and uptake by DCs was 

shown because the WT was stronger internalized than the N297A. This effect was only 

observed in a subset of donors and implies that the DC-phenotype contributes to the 

recognition pattern. Importantly, DC-recognition and -uptake increased if RTX is 

mannosylated and decreased if RTX is hypersialylated. Routing into the early and late 

endosome detected by co-localization with EEA1 and Rab7 by confocal microscopy was 

strongest if RTX is mannosylated and weakest if hypersialylated. Glycosylation-

dependent uptake does not seem to be solely driven by the CD32, the main FcγR 

expressed on DCs, because CD32-blockade only partially inhibits internalization. 

Internalization by DCs was weakly associated with expression of CD206, DC-SIGN and 

Siglec 7 if RTX carries any glycan i.e. for WT, HiMan and HySi but not for N297A. These 

data support the hypothesis that uptake of glycosylated RTX is receptor-dependent while 

that of aglycosylated RTX is receptor-independent. Further proof for this mechanism was 

provided because recombinant human Siglec 7 attenuates internalization of HySi. 

Therefore, this receptor seems to be involved in the recognition of sialoglycans of RTX. 

Although internalization of mannosylated RTX was strongly diminished in presence of 

mannan, the exact lectin receptor that recognizes mannosylated RTX remains to be 

determined. In addition, it was demonstrated that increased DC uptake of mannosylated 



130 
 

RTX causes increased T cell activation. HySi RTX induced slightly decreased T cell 

activation relative to WT and did not activate T cells in donors that were responding to the 

WT. These data show that recognition by human DCs and T cells can be modulated by 

glyco-engineering. Finally, glycosylation-dependent effects on the humoral immune 

response were evaluated in BALB/c mice. Mannosylation proves to induce stronger 

immunogenicity relative to the WT in line with aforementioned human in vitro results. 

However, aglycosylated RTX was less immunogenic and hypersialated RTX comparable 

to WT. These discrepancies between mouse and human may be explained by the known 

species differences in the Siglec and FcγR repertoire, the lack in mouse CD20 cross-

reactivity of RTX and a less preferred recognition of human α2-6 sialoglycans present on 

RTX by mouse Siglecs likely specialized to recognize α2-3 sialoglycans.
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